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Abstract 
The rising demand for advanced polyesters, displaying new functional properties, has 
boosted the development of new biocatalysed routes for polymer synthesis, where enzymes 
concretely respond to the challenge of combining benign conditions with high selectivity 
and efficient catalysis. Enzymes are attractive sustainable alternatives to toxic catalysts used 
in polycondensation, such as metal catalysts and tin in particular. Moreover, they enable the 
synthesis of functional polyesters that are otherwise not easily accessible by using traditional 
chemical routes.  
Enzymes add higher value to bio-based polymers by catalysing not only their selective 
functionalization but also their synthesis under mild and controlled conditions. 
The aim of the present thesis is to integrate experimental and bioinformatics approaches in 
order to study new biocatalysts to be used in polycondensations. 
Aliphatic polyesters are among the most widely used biodegradable polymers. Typically, 
such polymers are produced by means of polycondensation reactions which make use of 
toxic metal catalysts with the risk of product contamination, making them not suitable for 
the use in the production of materials of biomedical interest. More importantly, traditional 
metal-based catalysts are less selective in comparison to enzymes, making difficult the 
synthesis of functional polyesters displaying complex structures. 
A valid alternative to metal catalysts is represented by enzymes. Biocatalyst recyclability 
and avoidance of product contamination are usually obtained via enzyme immobilization on 
solid carriers. Nowadays, non-renewable petrochemical-based supports are used for this 
purpose, namely methacrylic and styrenic resins. In this thesis (Chapter 3), rice husk - a 
waste product of rice milling available worldwide at a negligible price - has been explored 
as an innovative and fully renewable lignocellulosic carrier endowed with morphological 
complexity and chemical versatility that makes it prone to multiple and benign chemo-
enzymatic modifications. A comparison of chemical and enzymatic methods for the 
functionalization of rice husk has been carried out, enabling the development of a renewable 
immobilization carrier suitable for responding to the looming challenge of green chemistry. 
The enzymatic method relies on laccase oxidation using laccase from Trametes spec. and 
TEMPO-radical mediator, followed by the insertion of a diamine spacer1. As compared to 
the classical cellulose oxidation performed via sodium periodate, the enzymatic method 
offers the advantage of preserving the morphology of rice husk, as demonstrated by SEM 
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microscopy. Laccase oxidation also assures benign operative conditions. Candida antarctica 
Lipase B, and two commercially available formulations of asparaginase, were immobilized 
and tested. In the first case, the lipase was successfully applied in the polycondensation of 
the biobased monomer dimethyl itaconate whereas the immobilized asparaginases were 
applied in the hydrolysis of asparagine, a precursor of the toxic acrylamide in food. In 
addition, lignin removal via alkaline hydrogen peroxide bleaching has been tested as a 
method for increasing the specific activity of the immobilized formulation. 
While lipases being the most common alternative for polycondensation reactions, our 
research group focused on the study of a novel class of serine hydrolases to be used in these 
kind of reactions, namely the cutinases2. The cutinase class proved to catalyse the efficient 
polycondensation of biobased monomers working in mild conditions in terms of pressure 
and temperature3. A thorough bioinformatics study was carried out based on GRID-based 
BioGPS descriptors (Chapter 4). BioGPS allowed to project a selection of cutinases on a 
Unsupervised Pattern Cognition Analysis (UPCA) model previously published by this 
research group4, confirming that the pre-organized physicochemical environment in the 
active site of Cutinase 1 from Thermobifida cellulosilytica is very similar to the one of 
Candida antarctica Lipase B, while offering increased capabilities in terms of the size of the 
substrate accepted, thanks to a superficial and wide active site. The said software was used 
also to generate the “catalophor” of different serine hydrolase subfamilies, enabling to 
extract the structural features that distinguish the various sub-families of serine hydrolases. 
Exploiting the “catalophor” tool and molecular dynamics studies it was possible to shed light 
on the particular behaviour that makes cutinases an advantageous biocatalyst to be used in 
polycondensation reactions. 
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1. Objectives and outline 
The present work is part of a wider context aimed to the development of renewable solutions 
for the synthesis of high added value green-polyesters carried forward by the Laboratory of 
Applied and Computational Biocatalysis (LACB) of the University of Trieste. More 
specifically, we focused on the valorisation of rice husk, an inexpensive composite material 
derived as a waste of the industrial processing of rice5. The high worldwide availability, the 
particular physicochemical features and the high percentage of polymeric organic matrix 
prone to be functionalized, make the said lignocellulosic material an option for producing 
carriers for enzyme immobilization with the potential to be used in industrial processes, 
where recyclability of the biocatalyst and cost-effective solutions in terms of process design 
play a central role. The possibility of introducing functionalizable chemical groups on the 
cellulose fraction of rice husk paves the way to the exploitation of this material for a wide 
range of opportunities, in particular the replacement of methacrylic and styrenic resins. 
The Laboratory of Applied and Computational Biocatalysis studied rice husk as an 
immobilization carrier for various enzymes including enzymes belonging to the classes of 
lipases, invertases, proteases and cutinases3,5. Various techniques were tested for the 
immobilization, including physical adsorption, cross-linking and covalent immobilization 
using tailored functional groups. For this purpose, the rice husk was chemically treated in 
order to functionalize the cellulosic component. 
A characterization of the starting material was carried out in order to clarify the morphology 
and the physical properties of the rice husk and how they can be exploited the enzyme 
immobilization. Subsequently, the functionalization and immobilization technique was 
tested with Candida antarctica lipase B (CaLB) and with asparaginase. Lipase 
immobilization plays an important role in the research carried out at LACB because of their 
involvement in the synthesis of high added value polyesters starting from renewable 
monomers; full renewability of the synthetic process – from the choice of the immobilization 
carrier to the selection of monomers – is the main goal. Various chemical modification 
methods of rice husk aiming to obtain the best yield in terms of protein loading and enzyme 
activity will be commented, including oxidation by sodium periodate and laccase and pre-
treatment with alkaline hydrogen peroxide to increase the immobilization yield. 
Another key aspect for the efficient use of enzymes for industrial purposes, with particular 
attention to biocatalysed polycondensations, is the selection of a suitable enzyme to be used 
in the synthetic process. Our previous computational investigations disclosed how two 
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cutinases employed in polycondensation, namely Humicola insolens cutinase (HiC) and 
cutinase 1 from Thermobifida cellulosilytica (Thc_cut1), share common features with CaLB. 
For example, the hydrophobicity of their surface is a consequence of the insolubility of their 
natural substrates3,6. Moreover, the BioGPS-based calculation of the “catalophor” of entire 
enzyme sub-families, coupled with molecular dynamics simulations allowed to shed light on 
the structural features of a dataset of serine hydrolases, where cutinases play a central role 
as regards the biocatalysed polycondensations. The calculation of the “catalophor” tool helps 
to identify the most important physicochemical features of the active sites responsible of 
establishing an interaction with the substrate. 
Cutinases are enzymes of particular interest because, unlike CaLB and most lipases, the 
catalytic Ser of the considered cutinases is not buried in a deep funnel shape active site but 
the active site is rather superficial and accessible to solvents and substrates6. In the case of 
Thc_cut1, the wider and more accessible active site, along with efficiency under milder and 
less strictly anhydrous conditions represent crucial features for the development of strategies 
for polymer synthesis and modification, as well as for the design of optimized hydrolases 
starting from the Thc_cut1 scaffold3. 
When cutinases are compared to lipases and CaLB in particular, it is important to consider 
that industry has been making a wide use of lipases - especially in detergent formulations- 
since several decades, therefore pushing the scientific research towards the optimization of 
stability, activity and expression of these biocatalysts. Similar efforts would be needed for 
transforming selected promising cutinases into efficient industrial biocatalysts in the current 
optics of developing a sustainable bioeconomy. 
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2. Background 
2.1 The role of enzymes in the bioeconomy 
During the last 150 years, the global industrial economy has always pursued a linear 
approach that consists of gathering resources, transforming them into products and their 
disposal after usage. In terms of volume, that caused the extraction of 65 billion tons of raw 
materials7; taking into account that 3 billion of new consumers are expected to reach the 
market by 2030, it is clear that an economic model like this is no more sustainable. The 
economic cost of raw materials and their extraction is now constantly increasing because the 
descending trend of the XX century has been broken8. Another key point is the slowdown 
of agricultural productivity due to the worsening of soil quality caused by overexploitation. 
These kinds of issues can be efficiently faced by circular bioeconomy with the valorisation 
of waste materials. The aim of circular bioeconomy is, in fact, reintegrate waste in the 
production process, treating them as valuable resources and establishing a virtuous cycle 
where the waste is transformed into high added value starting material. Circular 
bioeconomy represents a great change of paradigm where the concept of “end of life” is 
replaced by recycling, removing in particular the need of bringing back in the biosphere 
toxic chemicals and not environmentally friendly materials; this kind of approach requires 
a redesign of materials, products and business models7 that aims to make extensive use of 
renewable resources with a particular focus to those parts of the product that cannot be 
recycled, and that should be recovered and brought back to the production cycle. 
In the big vision of circular bioeconomy, chemistry obviously plays a central role. The target 
of sustainable chemistry is redefining synthetic processes and products in order to minimize 
the environmental impact while maximizing the possibility of recycling and re-usage. To 
that extent, the green chemistry offers the practical tools needed to put in place this 
paradigmatic and holistic change, which must start from research labs to reach the big 
industrial production. The philosophy of the green chemistry could be summarised in the 
twelve principles here reported: 
• Avoiding waste production is more favourable than handling their disposal; 
• Synthetic methodologies should be tuned to allow the maximum yield; 
• Where possible, unharmful and non-polluting substances should be used; 
• Chemicals employed should be carefully selected to avoid toxic substances 
production throughout the entire life cycle of the product; 
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• Volatile chemicals usage reduction (i.e. solvents); 
• Energetic requirements should be assessed taking into account the economic and 
environmental impact. Synthetic methodologies at environmental pressure and 
temperature should be encouraged; 
• Renewable matters should be preferred; 
• Production of side products should be avoided or limited; 
• The use of catalysts should be encouraged; 
• Chemicals should be designed to not cause environmental harm after their disposal 
and should be subject to natural biodegradative processes; 
• Analytical procedures should be designed to avoid the real-time formation of toxic 
substances; 
• Chemicals should be chosen based on their safety in terms of explosions or accidental 
release in the environment. 
Biocatalysis fits very well the above-mentioned principles and can represent a good synthetic 
methodology to push for the creation of environmentally compatible, cost-effective and 
innovative products. 
2.2 Biocatalysis 
Biocatalysis refers to use natural catalysts, such as enzymes or microorganisms, to perform 
chemical transformations9. Biocatalysis is a broad science whose comprehensive definition 
requires a multidisciplinary approach that involves molecular biology, biochemistry, organic 
chemistry, engineering and others10. 
Enzymatic reactions have been exploited since the dawn of the history of man for beer, 
cheese and other foods productions and also for the treatment of leather and silk. The 
industrial use of biocatalysis started 30 years ago, thanks to the recombinant DNA 
technology, driving to the synthesis of high added value chemicals: the so-called fine 
chemicals. Nowadays biocatalytic methodologies are extensively used in different fields, 
spacing from the pharmaceutical and food industry to textile and medical sectors. 
Lowering the activation energy of a chemical transformation, enzymes are able to boost 
reaction rate to several orders of magnitude, enabling obtaining low environmental and 
economic impact products, reducing the use of non-renewable resources and avoiding or 
limiting the formation of toxic by-products. 
7 
 
The main advantages of biocatalysts are that they are biodegradable and non-toxic for the 
humans and for the environment, their usage enables working in a reasonable range of 
pressure and temperature conditions and the use of metals and organic solvents can be 
avoided. Another important feature of enzymes is their chemo- regio- and stereoselectivity; 
for this reason, they are often used for the synthesis of chiral molecules (i.e. steroids). 
Biocatalysis also have some drawbacks. If recombinant DNA technology paved the way to 
a broad availability of these catalysts, enzymes still remain not so stable (i.e. easily losing 
activity because of temperature, mechanical stress, pH), the procedure of development and 
process optimization represents a major obstacle and, lastly, not every chemical reaction 
could be catalysed by known enzymes. 
2.3 Biocatalysed synthesis of aliphatic polyesters 
Aliphatic polyesters are among the most widely used biodegradable polymers. Typically, 
such polymers are produced by means of polycondensation reactions which make use of 
metal catalysts as manganese, zinc, calcium, cobalt, magnesium acetates and antimuonium 
and titan oxides11. Their toxicity and the risk of product contamination by the catalyst, make 
them not suitable for the use in the production of materials of biomedical interest. More 
importantly, traditional metal-based catalysts are less selective in comparison to enzymes, 
making hard the synthesis of functional polyesters displaying complex structures. For 
example, the use of monomers with three or more functional groups can lead to uncontrolled 
polymerization and branching. Usually, chemical polycondensations are carried out at high 
temperatures (180-280 °C) in order to reduce the viscosity of the system, with the side effect 
of promoting the formation of by-products. In addition, such temperatures must be avoided 
in presence non-thermostable monomers bearing functional groups like siloxanes, epoxides, 
vinylic groups. 
In 1980 enzymatic polycondensation was introduced as a technique that makes use of an 
isolated enzyme to catalyse the polyesterification process12. The biocatalysed 
polymerization can be based on polycondensation or ring-opening polymerization of 
lactones (ROP). More specifically, these reactions can be further split in diacids and their 
esters polycondensations with diols and polycondensations of hydroxy acids and their esters 
with themselves (self-polycondensation). 
Biocatalysed polycondensations have been extensively used in the industry in the last 20 
years because other than being eco-friendly processes, they bring multiple advantages in 
comparison to the classical chemical synthesis13:  
8 
 
• high catalytic activity (turnover number); 
• mild reaction conditions; 
• high chemo-regio-enantio selectivity; 
• low by-products formation; 
 
However, there are also some drawbacks in the use of immobilized enzymes: 
• biocatalyst are often unstable 
• there is a low choice in terms of available enzymes 
• cost-effectiveness 
• time and costs needed for the development of an industrial biocatalysed process 
The modern immobilization and protein engineering techniques allow to overcome most of 
the mentioned disadvantages, providing a wide number of high performance and cost-
effective biocatalysts14. 
2.4 Lipases and cutinases as a tool for the synthesis of green polyesters 
100 years ago, the physician C. Eijkmann discovered that some bacteria are able to produce 
and secrete lipases, enzymes belonging to the family of serine hydrolases that turned out to 
be stable in organic media. This finding had important practical applications in the field of 
organic chemistry. 
Nowadays, lipases are broadly studied and largely employed in the industry due to the ease 
of preparation starting from fungi and bacteria. No cofactors are needed for their activity, 
and they are able to catalyse esterifications and transesterifications also in organic media15. 
Lipases (EC 3.1.1.3) are defined as long chain (10+ C) triacylglycerol carboxylesterases. 
Hydrolysing short-chain lipids is more typical of esterases, but very often lipases are able to 
hydrolyse them too16. 
Originally, two key requirements were pointed out to define what exactly characterise an 
enzyme with lipolytic activity as a lipase: 
1. The enzyme must be activated when in correspondence of an oil/water interface and 
its activity must increase when triglycerides are in form of an emulsion. This 
behaviour is called interfacial activation; 
2. The enzyme shall have a superficial and mobile peptide loop covering the active site 
and called lid. That structure is displaced when the substrate approaches16. Recently 
researchers have established that this definition is not completely correct because of 
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the existence of interfacial activation-lacking lipases as some lipases from 
Pseudomonas and Candida antarctica lipase B. 
Our research group addressed also cutinases, another serine hydrolase sub-family, to be 
efficiently used in polycondensation reactions in thin-film, solvent-free conditions, while 
employing rice husk as a carrier for enzyme immobilization and enabling for the first time a 
fully renewable synthesis of polyesters3,6. In a precedent work of this group, a multivariate 
fractional design demonstrated that Cutinase 1 from Thermobifida cellulosilytica (Thc_cut1) 
is able to catalyse the synthesis of biobased aliphatic polyesters in mild conditions, offering 
some advantages in comparison with CaLB. In particular, the reaction can take place at mild 
environmental conditions; notably, the activity of Thc_cut1 is higher at environmental 
pressure and at low temperature (50 °C), increasing the sustainability of the process. In 
addition, Thc_cut1 has a superficial active site capable of accepting larger substrates in 
comparison to CaLB (Figure 1). 
 
Figure 1: Cutinase 1 from Thermobifida cellulosilytica (Thc_cut1) and Candida antarctica lipase 
B. Lys residues are represented in yellow and are targeted by covalent enzyme immobilization. 
Catalytic serine, shown in spheres, occupies a more superficial position in Thc_cut1. (Pellis et al. 
2015) 
2.5 Catalytic mechanism of serine hydrolases 
Lipases and cutinases are serine hydrolases presenting a catalytic triad composed of serine, 
histidine and aspartic or glutamic acid. The catalytic mechanism starts with the nucleophilic 
attack of the oxygen on the sidechain of the serine to the carbonyl on the ester moiety of the 
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substrate. The tetrahedral intermediate presents a negative charge stabilized b H-bond 
interaction formed with the so-called oxyanion hole. Conversely, the charge on the 
protonated histidine is stabilized by an H-bond with the acid catalyst of the catalytic triad. 
Consequently, a proton transfer involving histidine and the alkoxy of the ester is carried out, 
leading to the release of the alcohol with the simultaneous formation of the acyl-enzyme 
intermediate. 
The acyl-enzyme intermediate is then deacylated thanks to the reaction with a new 
nucleophile (i.e. water, alcohols, amines). The histidine of the active site extract a proton 
from the above-mentioned nucleophile and the hydroxyl anion reacts with the acyl-enzyme 
carbonyl. A second tetrahedral intermediate is formed an stabilized by the oxyanion hole. In 
the last step, the histidine loses a proton that is accepted by the serine with the simultaneous 
release of the product and active site environment regeneration16 (Figure 2). 
 
Figure 2. Reaction mechanism of a typical lipase (Jaeger et al. 1999) 
 
2.6 Polyesterification reactions and enzyme immobilization 
Lipase B from the yeast Candida antarctica is one of the most used lipases in various fields 
like chemistry, pharmaceutical and food industries17. As its name suggests, the yeast was 
discovered in the Antarctica during a research that aimed to find out new enzymes to be used 
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in the formulation of detergents. The yeast produces two isoenzymes; lipase A (CaLA) 
activity depends on calcium ions and is highly thermostable, on the other hand, lipase B 
activity does not rely on the presence of metal ions in the reaction media but it is much less 
thermostable. Furthermore, lipase A is active on a broad spectrum of triglycerides and is not 
much active towards non-natural ester substrates. Both the isoenzymes are produced via 
cloning and expression of the lipase codifying genes in Aspergillus oryzae cells18. 
CaLB is a robust and organic solvent friendly enzyme of 317 amino acids, with a molecular 
mass of 33 kDa. Its deactivation starts at temperatures higher than 60 °C. If immobilized on 
a solid support it is able to withstand harsher conditions like polar organic solvents, low 
water activity media, alkaline pH and higher temperatures. To date, CaLB is produced both 
in free and in immobilized form by the companies Novozym, Roche Diagnostics, Almac, 
Chiral Vision and Syncore Laboratories19. 
Furthermore, CaLB (Figure 3) is to be considered a hybrid between a lipase and an esterase 
because – compared with other lipases – this enzyme is much less conformationally mobile 
and does not present a clear interfacial activation20. The narrow active site is buried in the 
enzyme structure, and the catalytic triad is represented by Ser105, Asp187 and His224. The 
oxyanion hole forming amino acids are Thr40, Gln106. 
 
Figure 3. Lipase B from Candida antarctica (Uppenberg et al. 1994) 
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To date, CaLB is one of the most suitable enzymes in polyesterification reactions because 
of its favourable stability and catalytical features. 
The enzymatic synthesis of polyesters requires immobilized biocatalysts because the use of 
a water suspension of the protein is not compatible with the formation of polyesters, driving 
the reaction towards hydrolysis rather than synthesis. Working with immobilized enzymes 
also avoids product contamination, protein aggregation and limits denaturation while 
enabling biocatalyst recycling after product separation. 
The enzyme carriers commonly used for protein immobilization are methacrylic resins of 
petrochemical derivation. Their usage has clearly the drawback of the environmental impact 
associated with the production and disposal of such carriers. Life-cycle Assessment (LCA) 
analysis pointed out that a great contribution to acidification and eutrophication events is 
given by the usage of methacrylic resins in fermentative processes involving enzymes. In 
particular, it has been calculated that, for each kg of immobilized biocatalyst , 16 to 25 kg of 
carbon dioxide are produced and 117-207 MJ of non-renewable energy are consumed. 
However, because of their cost-effectiveness, petrochemical carriers are still extensively 
used21. 
The majority of the examples of polyesterification reported in the literature make use of 
CaLB in its commercial formulation Novozym 435, where the enzyme is immobilized by 
adsorption over methacrylic beads22–24. 
Novozyme 435 has been widely used on solvent-free systems or in presence of organic 
solvents. As reported by Binns25, the viscosity of polycondensation products and the need of 
mechanical stirring are so stressful for the support that adsorbed enzyme detachment is easily 
noticed, due to the weak enzyme-support interactions. To overcome this issue, our research 
group26 proposed the covalent immobilization on methacrylic resins with epoxy moieties 
(Figure 4). 
  
Figure 4. Enzyme immobilization on epoxy-functionalized carriers (Hanefeld U., Gardossi L. et al. 
2009) 
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In this thesis, particular emphasis will be given to cutinases as an interesting substitute of 
lipases in polycondensation reactions, a full overview of this topic will be provided in the 
next chapters. As stated before, cutinases are a very interesting class of serine hydrolases 
that show unparalleled advantages when it comes to the synthesis of polyesters. A thorough 
review article on cutinases will be reported here and it will be accompanied with an in-depth 
bioinformatics study tailored to compare cutinases with other serine hydrolases classes. 
 
3.  Rice husk as a renewable and inexpensive solution for enzyme 
immobilization 
3.1 Manuscript: Rice Husk as an Inexpensive Renewable Immobilization 
Carrier for Biocatalysts Employed in the Food, Cosmetic and Polymer 
Sectors 
Nowadays, immobilized enzymes are not much widely used in industrial processes due to 
the fact that the cost of the biocatalyst is not a critical factor in the planning of a synthesis 
on an industrial scale27. However, as pointed out in the preceding paragraph, immobilized 
enzymes are mandatory in certain cases (i.e. polyesterification in solvent-free medium), their 
usage enables also recyclability of the support that can be used for additional reaction cycles 
and avoids product contamination with important use cases in the cosmetic and pharma 
sectors28. 
In the perspective of achieving fully renewable and sustainable bio-based products, the 
overall viability of the biocatalytic process has to be considered, and Life-cycle Assessment 
(LCA) demonstrated that the nature of immobilization carriers is a critical point in evaluating 
the sustainability of a biocatalysed process. Methacrylic resins represent the primary 
greenhouse gas emission source for immobilized enzymes (51-83%) because of the fossil-
based raw materials, namely glycidyl methacrylate and ethylene dimethyl acrylate21. 
Natural biopolymers from agricultural waste may represent attractive alternatives 
responding to the pressing challenges of a circular bioeconomy as long as they are largely 
available at low prices. On a global scale, rice husk (RH) is one of the highest-volume 
agricultural residues. For every 4 tons of rice harvested, 1 ton of RH is produced, amounting 
to 120 million tons per year that are in large part not valorised. 
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In a previous study5 our research group explored the potential of milled RH as a carrier for 
enzyme immobilization of several enzymes. A minimal pre-treatment of the raw material 
was necessary and different routes to achieve efficient and stable immobilization were tested 
exploiting the different components of RH (cellulose, hemicellulose, silica and lignin). 
CaLB immobilized on RH was tested in polyesterification reactions demonstrating its 
competitivity with commercial styrenic and methacrylic preparations. 
In the following work, rice husk as a green, novel and inexpensive carrier will be explored 
for the covalent immobilization of Candida antarctica Lipase B (CaLB) and of two 
asparaginases. The said manuscript lays the foundation for the improvement of the 
immobilization technique on rice husk that will be treated in the following paragraph, where 
a chemoenzymatic approach was exploited to obtain an immobilized formulation of CaLB. 
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3.2 Biocatalyzed activation of rice husk by means of laccases 
In order to continue the work described in the previous manuscript and to avoid the use of 
the hazardous and ecotoxic sodium periodate, “laccase-mediator system” oxidation was 
explored as an alternative route to chemical oxidation.  
Laccases (EC 1.10.3.2) are copper-containing oxidase and contain at least 4 copper atoms. 
Laccases are common in various organisms like bacteria, plants, insects and fungi and could 
have different functions based on the organism they belong to29. Copper atoms are classified 
in 3 types based on the coordination of their bonds (Figure 5). 
 
Figure 5. Catalytic site of Trametes vescicolor and coordination bonds. a) Type one copper (T1); 
b) trinuclear cluster 
Type one copper (T1) presents a trigonal geometry with a free axial position prone to 
substrate interaction. Equatorial positions establish coordination bonds with two histidine 
residues and a cysteine, while the fourth could be variable30. 
The redox potential of T1 copper depends on the organism producing the enzyme: in fungal 
laccases, the redox potential is 700-900 mV, while on plant laccases it is typically lower 
(330-500 mV) and this difference is caused by the different coordination of T1 copper31. T1 
copper atom is responsible for the blue colour of laccases and of the substrate oxidation. 
T2 copper is not detectable in the visible spectrum and is coordinated by two histidine 
residues. T3 coppers establish a binuclear centre with a band of absorbance at 330 nm in the 
oxidized form and are coordinated with 6 histidine residues next to the T2 copper. This 
molecular architecture is responsible for the reduction of molecular oxygen by the 
production of water. 
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Laccases are active on a wide range of substrates, in particular they oxidize p-diphenols, 
polyphenols, and aminic compounds. Their usage is sustainable because they require oxygen 
as an electron acceptor and produce only water as a by-product. 
Non-phenolic compounds are often not oxidized by laccases because of their low redox 
potential. Furthermore, big molecules that cannot reach the active site (i.e. lignin) cannot be 
oxidized32. To overcome this drawback, a mediator with the function of moving oxidative 
species outside from the enzyme to the substrate can be used. A mediator is usually a small 
molecule that acts as an electron shuttle, it is oxidized by the enzyme, moves away from the 
active site and, in turn, oxidize the substrate (Figure 6). 
A redox mediator should fulfil some conditions: it must be a small molecule able to generate 
stable radical species, should not interfere with the catalytic activity of the enzyme while 
allowing the in situ recyclability and, finally, it should be cost-effective33. The system 
consisting of laccase and mediator is called laccase-mediator system (LMS). Many natural 
and synthetic mediators are reported in the literature, and they could easily be used as redox 
mediators for laccases34. 
 
Figure 6. Laccase-mediator system reaction scheme. Oxygen reduction is coupled with substrate 
oxidation35. 
Laccases can be used for the valorisation of lignocellulosic materials via depolymerization 
of lignin allowing for a more efficient further conversion of the monomers for the production 
of biofuels36 and also for selective grafting of small organic molecules over the surface of 
the material37. Furthermore, it has been reported that laccase-mediator systems enable the 
oxidation of the glycoside units of cellulose. The selective oxidation of the cellulose fraction 
of lignocellulosic materials takes place in the presence of (2,2,6,6-Tetramethylpiperidin-1-
yl)oxyl radical, the so-called TEMPO-radical38. 
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Figure 7. Cellulose oxidation scheme by laccase/TEMPO system 
Laccase oxidizes TEMPO radical to an oxo-ammonium cation that, in turn, selectively 
oxidizes the C6 hydroxyl of the glycosidic ring forming an aldehyde via heterolytic cleavage. 
The neo-formed aldehydic moiety can react again with nearby hydroxyl groups to form a 
hemiketal or could be further oxidized to carboxylic acid (Figure 7). 
The above-mentioned approach is a more environmentally friendly route for the oxidation 
of cellulose and, in particular, for the activation of rice husk. Non-green alternatives are 
represented by TEMPO/NaOCl/NaBr system39 or by sodium periodate as a powerful 
oxidizing agent38. Cellulose activation with carbonyl groups makes the material prone to 
coupling with organic molecules or biomolecules such as enzymes. 
3.2.1 Oxidation of milled rice husk using a laccase-mediator system35 
Following the oxidation of rice husk by means of sodium periodate1,5, the first oxidation 
attempt with the laccase-mediator system has been carried out using milled rice husk with a 
particle size of 0.2-0.4 mm. The oxidation was carried out using laccase from Trametes 
species and Novozym laccase S1003 according to the protocol of Patel and co-workers38. 
The procedure, reported in the experimental section, consists in a 48 hours treatment of rice 
husk at environmental pressure and 25°C with a 0.1 M pH 5 citrate buffer solution containing 
10 mM TEMPO radical and different amounts of laccase from Trametes spec. (here called 
with its commercial name “Laccase C”, the enzyme is produced by ASA-spezialenzyme). 
Air was insufflated in the reaction mixture to provide the oxygen needed for the catalytic 
activity. After work-up, the content of carbonyl groups was assessed via hydroxylamine 
chlorhydrate assay40 and compared rice husk oxidized by 0.2 M sodium-periodate. 
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Figure 8. Carbonyl content in oxidized rice husk samples35. 
Oxidation by sodium periodate was more effective in terms of carbonyl content detected 
(Figure 8). This data was expected because with sodium periodate two carbonyl groups per 
glycosidic ring are introduced, whereas in the case of LMS oxidation one single carbonyl 
group per glycosidic ring is formed. Oxidation by 100 U/mL of laccase C gave the best 
results, leading to 350% increase of carbonyl groups if compared with the blank experiment 
(rice husk treated in the same conditions without adding laccase). The use of a mediator has 
proven to be necessary to reach a reasonable concentration of carbonyl groups, laccase C 
without mediator is in fact not able to oxidize rice husk. 
 
CaLB immobilization via diamine spacer on rice husk activated by laccase 
Upon oxidation of the cellulose fraction, amine groups were inserted by treating the oxidized 
material with a hexamethylenediamine (HMDA) solution. Prior to CaLB immobilization, a 
reaction step with a glutaraldehyde solution was performed to introduce carbonyl moieties 
prone to react with amine groups on the surface of the enzyme (Figure 9). A diluted solution 
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of Lypozyme CaLB was used for the 48 hours immobilization together with a concentration 
of 10,000 TBU/gRH (TBU=enzyme units assessed with tributyrin hydrolysis). 
 
Figure 9. Schematic illustration of the oxidation and functionalization of the cellulosic fraction of 
RH for the covalent immobilization of CaLB1. 
Characterization of enzyme activity after immobilization 
The immobilized CaLB formulation has been assessed in terms of protein loading, hydrolytic 
activity and synthetic activity (Table 1). 
Sample loading % hydrolytic activity (U/g) synthetic activity (U/g) 
laccase C-RH(HMDA+GA) 17 56 ± 25 198 ± 8 
NaIO4-RH (HMDA+GA)35 72 316 592 ± 24 
Table 1. Immobilization yield of laccase C oxidized rice husk and sodium periodate-oxidized rice 
husk after diamine linker attachment and enzyme immobilization  
Enzyme leaching was verified in both preparations and was absent. The data here reported 
clearly shows that laccase C oxidation of rice husk is less effective than sodium periodate in 
terms of protein immobilization and enzyme activity. The reason lies in the poor number of 
carbonyl groups obtained with laccase C but there is also a second reason related to the fact 
that sodium periodate is able to alter the structure of the lignocellulosic matrix enhancing 
enzyme accessibility. SEM microscopy pointed out that chemical oxidation by means of 
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sodium periodate was more aggressive in terms of physical degradation of the material on 
both the inner and the outer surface, laccase oxidation was milder and preserved the structure 
of rice husk, in particular the outer surface because of its higher content in silica that protects 
the inner matrix from the oxidative action of the enzyme1,41. 
The higher efficiency of sodium periodate in terms of cellulose functionalization could be 
justified by the fact that it generates highly reactive glutaraldehyde-like dialdehydic 5-terms 
rings42 (Figure 10). 
 
Figure 10. Dialdehyde compound originated form glycosidic ring-opening following sodium 
periodate oxidation of carbohydrates with 1-4 β glycosidic bonds. Carbons are numbered to ease 
interpretation. Dialdehyde unit is formed by 2, 1, 4’, 3’ carbons. 
Such structures are more reactive than the single aldehyde group introduced by LMS 
oxidation because they can lead to the formation of a wide spectrum of stable compounds in 
the presence of nucleophilic amines. As stated in the thorough review of Migneault on 
glutaraldehyde reactivity42, aldolic condensations, Michael reactions and pyridinium ion 
formation can easily take please in these conditions, contributing to the efficient 
immobilization of proteins when glutaraldehyde is added to the reaction medium and reacts 
with the glutaraldehyde-like compounds formed on the cellulose chain. 
3.2.2 Delignification of rice husk by hydrogen peroxide/ammonium hydroxide 
In order to improve the immobilization yield and the consequent catalytic activity of the 
immobilized preparation, different approaches targeted to increase the surface availability 
were explored. Preliminary data on sodium periodate-oxidized rice husk indicated that 
using 10,000 UTBU of CaLB with an immobilization time of 48 hours, 72% protein loading 
can be achieved and catalytical activity is retained5. On the other hand, LMS oxidized rice 
husk presents only 17% of protein loading and lower catalytical activity. For this reasons, 
new routes were explored in order to improve the functionalization of the rice husk while 
avoiding the use of periodate. 
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Delignification of the lignocellulosic matrix is important to enhance the accessibility of the 
cellulose. Diferulic linkages between cellulose and lignin are promptly broken by an 
oxidative pre-treatment43 in order to expose a higher fraction of cellulose ready to be 
functionalized in the subsequent carbonyl addition step. Furthermore, lignin removal 
increases the hydrophilicity of the material. 
A possible pre-treatment of rice husk that can be effective to increase the surface availability 
is the one proposed by Kim S.B. (Kim S.B. et al. 1996) who developed a bleaching technique 
called ARP-H (ammonia recycled percolation with hydrogen peroxide) to be used on 
herbaceous biomass. The reaction was carried out at 170 °C in a packed-bed reactor where 
aqueous ammonia is recycled in a continuous cycle. The authors reported 80% degradation 
of hemicellulose, that led to the production of xylose, and the complete removal of lignin 
(94-99%). The obtained residue contained mostly glucans in the form of alpha cellulose. In 
the work of Kim S.B. et al.44 aqueous ammonia was reported to have delignificant properties 
and to cause the hydrolysis of the glucuronic esters responsible for the lignin-hemicellulose 
matrix integrity45. Hydrogen peroxide has a synergic effect that increases the aggressive 
effect towards the lignocellulosic material. Since cellulose is not attacked by the oxidative 
process, it can be assumed that also in rice husk the cellulose fraction remains unaltered, 
paving the way to further functionalization. 
𝐻2𝑂2 = 𝐻
+ + 𝐻𝑂𝑂− 
𝐻2𝑂2 + 𝐻𝑂𝑂
− = ∙ 𝑂𝐻 + 𝑂2
− ∙ +𝐻2𝑂 
Scheme 1. Hydrogen peroxide decomposition in alkaline conditions 
During the spontaneous hydrogen peroxide decomposition (Scheme 1), the hydroperoxide 
anion produced is unable to directly depolymerize lignin, while the hydroxyl radical is a 
powerful oxidant responsible for lignin and hemicellulose depolymerisation. The formation 
of this radical depends on the pH of the reaction mixture: alkaline conditions promote the 
formation of the hydroperoxide anion via the neutralization of H+ ions. The produced anion 
promptly reacts with hydrogen peroxide to form the radical species44. Hydrogen peroxide 
decomposition with ammonia has been reported to follow a first-order kinetic depending on 
its concentration46. The formation of the radical is pH dependent and the optimal pH to 
achieve delignification with an alkaline hydrogen peroxide solution was reported to be 
11.543. 
Other studies reporting various approaches to depolymerization of lignin in lignocellulosic 
materials via ammonia and hydrogen peroxide were taken into account to acquire a clear 
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understanding of the dynamics of the entire process. Zhao and co-workers43 tested different 
variants of a lignin and cellulose depolymerizing treatment on corn, namely ammonia fibre 
expansion (AFEX). The reaction took place with high pressure and high-temperature liquid 
ammonia, leading to the degradation of the lignocellulose matrix. For enzyme 
immobilization purposes this technique is clearly too aggressive because the original 
morphologic structure and mechanical resistance of the raw material should be retained for 
practical applications. 
A patent of M. Vezzani47 reported an industrial scale treatment for the oxidation of starch-
based materials and such procedure was adapted for the purpose of this study at lab scale. In 
the said patent, 5-20% w/v hydrogen peroxide was used together with 5-20% w/v ammonium 
hydroxide to obtain starch oxidation at <30° C temperature in a cylindrical rotary reactor, 
with a continuous feed of reactants and starch. This treatment, at least at lab scale, has proved 
to be inefficient in terms of lignin removal and did not cause the introduction of extra 
carbonyl groups. The reason lies in the lower reactivity of aqueous ammonia at low 
temperatures whereas high temperatures and anhydrous liquid ammonia at high pressure are 
more effective for this kind of treatments. 
Delignification of rice husk and characterization 
Rice husk with a particle size of 0.2-0.4 mm was treated with an alkaline hydrogen peroxide 
solution varying the concentration of the two reactants. The concentration of both starting 
solutions of aqueous ammonia and hydrogen peroxide was 30%, properly diluted to obtain 
different reaction mixtures. Hydrogen peroxide was added in the range of 0-8% w/v. 
Exceeding 8% hydrogen peroxide in an ammonium hydroxide solution could be dangerous 
because of the high reactivity of the mixture (Figure 11). 
 
Figure 11. Rice husk samples treated with the ammonium hydroxide (15%) and hydrogen peroxide 
mixture. From left to the right hydrogen peroxide concentration increases. Slight colour change is 
noticeable. 
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After the said treatment, the material was oxidized with 1.0 U/mg laccase C and TEMPO 
radical (10 Mm). The carbonyl content was assessed in duplicate with hydroxylamine 
chlorhydrate carbonyl assay. Water retaining capability was evaluated gravimetrically 
(Table 2, Figure 12). 
 
 
Sample 
 
 
H2O2 % 
w/v 
 
 
NH3 % 
w/v 
 
Water 
absorption 
% w/w  
 
Recovered 
material 
%w/w 
 
Original 
carbonyl 
content 
µmol/g 
Carbonyl 
content 
after 
oxidation 
µmol/g 
15AHPN0 0 15.0 46,4 73,4 0 0 
15AHPN2 2.0 15.0 47,8 77,4 n.d. n.d. 
15AHPN4 4.0 15.0 48,6 73,0 14,5±9,5 33,7±8,5 
15AHPN6 6.0 15.0 45,8 63,6 n.d. n.d. 
15AHPN8 8.0 15.0 48,9 71,8 112,2±54,1 187,6±12,4 
22AHPN0 0 22.0 44,9 80,6 4,6±3,5 83,2±34,3 
22AHPN2 2.0 22.0 45,1 78,8 n.d. n.d. 
22AHPN4 4.0 22.0 47,2 78,0 0 257,0±34,6 
22AHPN6 6.0 22.0 48,5 75,6 n.d. n.d. 
22AHPN8 8.0 22.0 48,3 76,4 44,0±22,9 129,3±16,2 
Table 2. Ammonium hydroxide/hydrogen peroxide pre-treatment of rice husk. Composition of the 
reactive mixture is shown and characterisation of the resulting material is reported. Experiments 
were named based on the following syntax: “%NH3 AHP %H2O2”. The carbonyl content of samples 
marked as “n.d.” was not assessed. 
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Figure 12. Graphical representation of the variation of carbonyl content after treatment. Blue: 
before biocatalysed oxidation; orange: after biocatalysed oxidation. a) 15% ammonium hydroxide; 
b) 22% ammonium hydroxide. 
Carbonyl content quantification indicates that in the set of experiments with 15% w/v of 
ammonium hydroxide this treatment is able to introduce a quantifiable amount of carbonyl 
groups, that increases after oxidation by laccase C. 
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By using 22% ammonium hydroxide conflicting results were obtained. in particular, sample 
22AHP4 showed an unexpectedly high carbonyl content after laccase C oxidation starting 
from a complete absence of carbonyl groups. 
In general, after oxidation the overall content of carbonyl groups increases. Although sample 
22AHPN4 showed a higher carbonyl content after oxidation, 15AHPN8 was used for the 
further experiments because of the better consistency of its carbonyl content value among 
the other samples. 
No additional remarks can be made looking at the percentage of material recovered (average 
of 75%) at the water retainment capability (average is 47%). 
 
CaLB immobilization and testing 
In accordance with the immobilization protocol previously reported, prior to enzyme 
immobilization, the rice husk was activated with glutaraldehyde and diamine linker. 
As mentioned before, this experiment was carried out on sample 15AHPN8 oxidized by 
laccase C. 
Enzyme loading was set at 10,000 TBU/gRH as in the previous experiments. No leaching was 
observed in any of the formulations. The loading and activity data showed no appreciable 
improvement in comparison with the rice husk oxidized only by laccase without alkaline 
hydrogen peroxide pre-treatment (Table 3). 
 
Sample loading % hydrolytic activity (U/g) synthetic activity (U/g) 
15AHPN8 (LMS) 17.2 60.2 ± 2.7 181.7 ± 23.2 
Table 3. Immobilization yield of rice husk pre-treated by ammonia/hydrogen peroxide after laccase 
C oxidation, diamine linker attachment and enzyme immobilization 
 
3.2.3 Delignification of rice husk by hydrogen peroxide/sodium hydroxide 
Alkaline hydrogen peroxide treatment with sodium hydroxide instead of ammonium 
hydroxide was successfully used on rice husk at environmental pressure to make the material 
more hydrolysable by enzymes in a work of Diaz et al.48. The authors developed an 
optimized method of this oxidation working in different conditions to maximize the 
disruption of the cellulose matrix. Pressure and temperature proved to be critical parameters, 
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and 90° C at 28 bar was the best operative conditions to work with. The authors pointed out 
that complete lignin removal is very important in the biocatalysed hydrolysis of rice husk 
because lignin-cellulose bonds prevent the enzyme to reach the inner parts of the matrix, 
leading to low hydrolysis yields, the same behaviour can be expected in terms of laccase 
accessibility in our oxidative process. In the case of enzyme immobilization, it can be argued 
that accessing an area as wide as possible is critical for obtaining good protein loading and 
consequent enzyme activity. Diaz and co-workers proved that their treatment is effective to 
enhance the accessibility of enzymes to rice husk. 
According to Wang and co-workers49, hemicellulose is easily degraded without using harsh 
chemical conditions, whereas the cellulose of rice husk, which is in the form of crystalline 
microfibrils, is reluctant to degradation. Although this behaviour of cellulose can be seen as 
a drawback due to the fact that the goal of the study of Wang was the complete 
depolymerization of the material, in the case of enzyme immobilization it is an advantage 
because the three-dimensional structure of the rice husk is to be retained. Wang and co-
workers treated rice husk with 8% w/v sodium hydroxide and 5% w/v hydrogen peroxide at 
80 °C obtaining 92% lignin removal and the complete disappearing of acetyl signals in FT-
IR spectroscopy associated with hemicellulose xylanes.  
Therefore, in the present study, milder conditions were adopted in order to obtain lignin 
removal avoiding the damage of the three-dimensional structure of rice husk. 
Delignification of rice husk and characterization 
Rice husk with a granulometry of 0.2-0.4 mm was treated with an 8% hydrogen peroxide 
solution using sodium hydroxide to adjust the pH at 11.5 (Figure 13-14). The reaction 
proceeded 4 hours at 50 °C with the production of abundant foam testifying an environment 
more aggressive than the one obtained mixing hydrogen peroxide with ammonium 
hydroxide. The treated material appears as a slightly yellow powder. There is a significant 
weight loss due to the complete removal of lignin in the operative conditions. Water retaining 
capabilities were greatly increased (Table 4). 
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Figure 13. Blank reaction on the left (sodium hydroxide). Rice husk treated by alkaline hydrogen 
peroxide on the right (sodium hydroxide/hydrogen peroxide) 
 
Figure 14. Raw whole rice husk on the left. Whole rice husk treated by alkaline hydrogen peroxide 
on the right (sodium hydroxide/hydrogen peroxide) 
 
 
SEM microscopy showed that the overall structure of rice husk was preserved, while signs 
of chemical abrasion were detected on the external surface, in this way exposing the inner 
tracheids to the reaction media, increasing water retaining capability (Figure 15).  
Figure 15. SEM microscopy images of the outer surface of rice husk before (left) and after (right) 
alkaline hydrogen peroxide pre-treatment. 
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In the same way, a batch of non-milled rice husk was produced to be compared with the 
milled version in terms of hygroscopicity and carbonyl content after oxidation from laccase 
C. In parallel the treatment was carried out also by avoiding the use of hydrogen peroxide. 
Sample water absorption % w/w recovered material % w/w 
RH 55.2 96.0 
RH-AHP blank 37.1 ± 1.8 94.9 ± 0.70 
RH-AHP 64.25 ± 1.6 40.0 ± 11.8 
RH(whole)-AHP 72.1 60.1 
Table 4 Characterisation of raw rice husk and AHP (sodium hydroxide) rice husk. 
Recovery and water absorption data show that the treatment causes a significant weight loss 
and an increase in water retaining capability attributable to lignin and silica removal50. FT-
ATR spectroscopy confirmed the disappearance of lignin51 (Figure 16). It is noteworthy that 
in blank reactions, where only sodium hydroxide was used, the hygroscopicity of the 
material was lower. 
 
 
Figure 16. FT-ATR characterisation of rice husk, periodate-oxidized rice husk and AHP (NaOH) 
rice husk. 
 
After the treatment, the material was oxidized with laccase C and TEMPO and the carbonyl 
content was assessed in duplicate using the hydroxylamine chlorhydrate carbonyl assay 
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(Table 5). As a blank reaction, the same procedure was applied to a sample of milled rice 
husk that underwent no pre-treatment. 
 
 
Sample 
 
 
Laccase C  
U/mgRH 
 
 
Carbonyl continent 
µmol/g 
 
RH 
0 0 
0.2 117±9,5 
1.0 160±2,4 
 
RH-AHP 
0 0 
0.2 88±4,0 
1.0 152±7,5 
 
Table 5. Carbonyl content of raw milled rice husk and AHP (NaOH) rice husk oxidized with 
different laccase C concentrations. 
 
Figure 17. Graphical representation of carbonyl content in raw rice husk and AHP (NaOH) rice 
husk after LMS treatment with laccase C 0.2 U/mg (black) and 1.0 U/mg (grey). 
The data (Figure 17) shows that the AHP pre-treatment had no substantial effect in 
promoting the increase in carbonyl content, which rather varies as a function of the 
concentration of the laccase. The obtained values are also very similar to the ones calculated 
with AHP treatment in ammonium hydroxide. Nevertheless, AHP pre-treatment increases 
the hygroscopicity of the material, exposing a wider surface of rice husk to the enzyme in 
the immobilization step. 
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CaLB immobilization and testing 
In accordance with the immobilization protocol previously reported, enzyme immobilization 
was carried out after HMDA coupling and activation with glutaraldehyde. 
The experiment was carried out on an AHP-treated sample treated with laccase 1.0 U/mgRH 
because of the higher carbonyl content and on an AHP-treated sample not oxidized with the 
laccase-mediator system. Enzyme loading was set at 10,000 TBU/gRH as in the previous 
experiments. No leaching was detected in any sample, testifying the covalent immobilization 
of the enzyme (Table 6). 
Sample loading % hydrolytic activity (U/g) synthetic activity (U/g) 
RH-AHP 12.5 50.3 ± 2.7 216.0 ± 16.0 
RH-AHP + LMS 1 U/mgRH 23.0 70.4 ± 7 263 ± 7 
Table 6. Immobilization yield of rice husk pre-treated with sodium hydroxide/hydrogen peroxide 
raw and after laccase C oxidation, diamine linker attachment and enzyme immobilization. 
 
3.2.4 Comparison of the pre-treatment methods 
Among the tested protocols, AHP pre-treatment with sodium hydroxide resulted to be able 
to increase the loaded protein and enzyme activity when followed by LMS oxidation. It is 
noteworthy that sodium hydroxide AHP rice husk not oxidized with laccase, despite having 
a lower protein loading, showed a comparable activity with raw rice husk oxidized with 
laccase (Table 7), this fact can be explained with 1) adsorption of laccase during the LMS 
oxidation step; 2) higher lipase activity on AHP-treated rice husk because of the higher 
available surface that allows a better enzyme accessibility by the substrate. 
Sample loading % hydrolytic activity (U/g) synthetic activity (U/g) 
RH sodium hydroxide + 
hydrogen peroxide 
12.5 50.3 ± 2.7 216.0 ± 16.0 
RH sodium hydroxide + 
hydrogen peroxide, LMS 
oxidized 
23.0 70.4 ± 7 263 ± 7 
RH ammonium hydroxide + 
hydrogen peroxide, LMS 
oxidized 
17.2 60.2 ± 2.7 181.7 ± 23.2 
RH LMS oxidized 17 56 ± 25 198 ± 8 
RH sodium periodate-
oxidized1 
72 316 592 ± 24 
Table 7. Comprehensive table of all the immobilized formulations of CaLB on rice husk. 
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Notwithstanding sodium periodate oxidation showed the best immobilization yield and 
hydrolytic activity, alkaline hydrogen peroxide pre-treatment using sodium hydroxide 
proved to increase hydrolytic activity and synthetic activity in comparison with raw rice husk 
treated directly with laccase, while increasing also water retaining capability of the material. 
The achievement of a hygroscopic rice husk opens new routes for the full exploitation of this 
inexpensive composite material because this fact can be an advantage especially on 
biocatalysed polycondensation, where water removal from the reaction medium is critical in 
driving the reaction towards the formation of products. The widening of the inner space of 
rice husk was proved also by measuring the density of the material. In fact, raw milled rice 
husk has a density5 of 0.437 g ml-1 while sodium hydroxide/hydrogen peroxide pre-treated 
rice husk has a density of 0.294 g ml-1 corresponding to a decrease in density of the 33% 
imputable to the loss of lignin. 
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4. Structure-based bioinformatics analysis of cutinases and other 
serine hydrolases 
4.1 Manuscript: Nature Inspired Solutions for Polymers: Will Cutinase 
Enzymes Make Polyesters and Polyamides Greener? 
While exploring the various aspects of fully renewable synthesis of polyesters, our research 
group focused in particular on a sub-family of promising serine hydrolases, namely 
cutinases, able to catalyse the polycondensation of renewable aliphatic monomers under 
solvent-free and thin-film conditions26. A multivariate factorial design carried out by this 
group3 demonstrated that, if compared with lipase B from Candida antarctica (CaLB), 
cutinase 1 from Thermobifida cellulosilytica (Thc_cut1) is less sensitive to the presence of 
water in the system and is able to work in mild conditions (50 °C; 535 mbar), increasing the 
overall sustainability of the process. The following review discusses the particular features 
of cutinases and how they can be exploited in the production of synthetic polyesters and 
polyamides. 
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4.2 Analysis of structural and functional properties of cutinases vs other serine 
hydrolases: a bioinformatics approach using molecular descriptors 
The industrial optimization process of biocatalysts aims to expand the range of biocatalytic 
routes to be used in industrial synthetic processes and to improve the applicability of 
enzymes to meet the industrial needs in terms of operative conditions, product purity and 
cost-effectiveness. 
The computational approach to this matter allows simplifying the screening process of new 
enzymes that in lab scale could be very expensive and time-consuming. In silico screening, 
through the use of appropriate bioinformatics software, can be an effective aid in reducing 
the number of experiments to be made in the laboratory, with a clear economic advantage. 
From this perspective, developing and testing new enzyme can be a way more efficient 
process. Through the last forty years, high computational cost quantomechanics (QM) 
methodologies have been used to understand the physicochemical properties of enzymes52. 
For this reason, enzymatic systems have always been studied only at the level of the catalytic 
residues, while combining molecular mechanics (MM) techniques to handle the remaining 
part of the protein structure, disregarding all the fine-grained electronic interactions and 
taking into account only the laws of classical mechanics to describe the atoms53. However, 
this approach turned out to be inconvenient because of the excessive simplification of the 
system while not reducing consistently the time required for the calculation54. 
The recent research in the field of bioinformatics resulted in the development of molecular 
descriptors that, as suggested by the name, describe quantitatively the characteristics of 
different kinds of molecular systems55. A molecular descriptor is the result of a logical and 
mathematical process that translates the protein structure in a numerical form useful to easily 
compare different structures in a dataset. Each amino acid establishes short and long-range 
interaction with other ones creating foreseeable and quantifiable perturbations in the 
surrounding environment. For this reason, molecular descriptors are required to formalize 
these data and correlate them to the physicochemical properties of the catalytic site. Various 
types of molecular descriptors have been developed distinguished on the basis of the specific 
type of interaction they focus on56. The molecular descriptor used in this thesis for the study 
of cutinases and other enzymes belonging to the family of serine hydrolases, is based on 
molecular interaction fields (MIFs): among them, GRID molecular descriptors57, originally 
developed for drug-design oriented applications, are designed to seek for the highest 
interaction energy between a protein receptor and a candidate drug molecule. Nevertheless, 
72 
 
these descriptors are also useful tools for enzymatic catalysis because they can be used to 
evaluate the interactions responsible for the transition state stabilisation of a particular 
biocatalysed reaction. 
 
GRID molecular descriptors and molecular interaction fields (MIFs) calculation 
3D-QSAR approach is based on the determination and interpretation of the interactions 
between three-dimensional objects. According to Goodford57 it is possible to evaluate the 
affinity of a system for a specific chemical functional group by calculating the interaction 
energy established with it in each point of a defined three-dimensional cage where the object 
to be studied is contained. The probe functional group is moved around the target molecule 
and the interaction energy is recorded. Typical chemical probes are water, methyl, aminic 
nitrogen, carboxyl, hydroxyl. This calculation results in the mapping of the space 
surrounding the target molecule, with the production of a three-dimensional matrix that 
associates each grid point to the interaction energy of that particular probe. The whole matrix 
(Figure 18) represents a molecular interaction field (MIF). 
 
Figure 18. Molecular interaction fields. The box represents the dimension of the 3D grid. 
Interaction energies of the probes placed in the grid points are indicated in chromatic scale (green 
favourable interaction, red unfavourable interaction because of the steric hindrance) 
The interaction energy for each point of the grid is calculated according to the following law 
(Eq. 1): 
𝐸𝑥𝑦𝑧 = ∑ 𝐸𝑙𝑗
𝑛
𝑖=1
+ ∑ 𝐸𝑒𝑙
𝑛
𝑖=1
+ ∑ 𝐸ℎ𝑏
𝑛
𝑖=1
 
Eq. 1 
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Each term of the equation refers to non-covalent interactions established between the 
chemical probe and the n atoms comprised in a sphere whose radius is defined by a cut-off 
distance. The three contributions represent the non-covalent Van der Waals interactions in 
Lennard-Jones form, the electrostatic interaction, and the H-bond interactions. The 
parameters used for the calculation of each term of the equation are empiric and fine-tuned 
for the probe functional group. 
The molecular interaction field is a high density of information object and can be used for 
different purposes. Positive interaction energy corresponds to unfavourable target-probe 
interaction or when the probe is positioned inside the Van der Waals sphere of the atoms of 
the target. Conversely, using the grid points where interaction is more favourable (negative 
energy values) it is possible to analyse the macroscopic similitudes among different target 
objects. This approach has been used in this thesis to carry out a comparison between 
different serine hydrolase sub-families. 
 
Chemometric analysis 
GOLPE (Generating Optimal Linear PLS Estimations)58 is a chemometric software used in 
3D-QSAR studies, molecular interaction fields are used as independent variables source. In 
particular, the 3D matrix is converted into a single MIF-containing mono-dimensional 
vector. D-optimal selection seeks for the most informative variables while excluding the 
other ones. FDD (Fractional Factorial Design) is an optimization-targeted procedure that 
analyses the effect of the single variables on the predictivity of the model, maintaining the 
ones responsible for a positive contribution. Golpe also offers data pre-treatment tools used 
to clean the dataset while maintaining all the information resulted by MIF calculation. 
 
The BioGPS descriptors and their application 
In the optimization process of biocatalysts of industrial interest, enzyme manipulation plays 
a central role that is functional to the improvement of system properties which must be tuned 
on the specific application needs. In this perspective, computational methodologies help to 
reduce the costs in terms of time and money when it comes to enzyme activity screening. 
However, the rational re-design of an active site requires specific bioinformatics techniques 
capable of correlating protein structural features to the stabilization of the transition state. In 
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other words, a holistic approach to the structural and electronic features of the enzyme is 
needed, and BioGPS enables the user to watch at the enzyme in these terms. 
BioGPS (Global Positioning System in Biological Space) makes use of a GRID-based 
approach to compare enzyme cavities (i.e. active sites) by means of a complex three-
dimensional superimposition algorithm54. BioGPS method is based on UPCA (Unsupervised 
Pattern Cognition Analysis)59 analysis and relies on the evaluation of physicochemical 
features in the active site who characterise the pre-organized reaction environment of the 
biocatalyst, in a similar way to the function of the solvent in a reaction medium. BioGPS-
UPCA approach compares the binding sites of a protein dataset on the basis of a ligand and 
not looking at the features of the single amino acids. This action is performed by means of 
the definition of a molecular fingerprint that identifies each active site to be used for the 
calculation of de novo virtual structures by using FLAP (Fingerprints for Ligands and 
Proteins)60. The above-mentioned computational approach has been already successfully 
used in the field of drug design61. The complexity of the MIFs information is overcome by 
the multivariate statistical analysis which is able to simplify the handling of complex systems 
by identifying only on relevant variables in the starting matrix of values. This fact enables 
to represent the information in a mono-dimensional space making way easier the elaboration 
and the interpretation of the starting raw data. Together with MIFs, the algorithm allows also 
the calculation of pseudoMIFs, defined as a particular type of MIFs where the molecular 
interaction fields are a representation of electron density fields centred on the atoms of the 
chosen chemical probes instead of atoms of the enzyme. PseudoMIFs could be seen as the 
complementary counterpart of MIFs and it is useful to visualize the part of the active site 
occupied by a potential substrate (Figure 19). In the case of pseudoMIFs the interaction 
energies are not calculated for each point of the defined grid cage, conversely, they are 
generated in the form of a pseudopotential describing the areas with higher probe-chemical 
feature interactions60. 
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Figure 19. MIFs and pseudoMIFs. pseudoMIFs can be seen as the complementary part of MIFs. 
(BioGPS 16.06 User Manual) 
On this basis, with reduced computational and time costs, entire enzyme sub-families and 
mutants can be efficiently compared without the need of relying on whatsoever precedent 
knowledge. 
A typical flowchart of the operational procedure used with BioGPS could be described with 
the following steps: 
1. Description of the active site environment by means of MIFs: all stacked 
enzyme cavities representing the dataset under consideration are described in 
the GRID force field and the complexity of the resulting MIFs is reduced in 
order to obtain a Common Reference Framework, a mathematical description 
of the protein cavities. 
2. Superimposition step: a stochastic process allows the superimposition of the 
calculated MIFs using a quadruplet-based approach that can be tuned based on 
the specific operative conditions. 
3. Scoring step: the outcoming results of the preceding step are used to quantify 
the entity of the similarity among different active sites. A standard output is 
produced based on the single chemical probes employed or, alternatively, on 
their combination (Figure 20). 
4. Statistical interpretation of the numerical data obtained via appropriate software 
(i.e. GOLPE) and generation of a UPCA model (Principal Component 
Analysis), a statistical method widely used to reduce the complexity of a dataset, 
correlating molecular descriptors with linearly dependent variables called 
Principal Components. This operation makes all the gathered data more 
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interpretable by the user, and macro-groups of physicochemically-correlated 
enzymes can be easily identified. 
 
Figure 20. Schematic illustration of the generation of BioGPS molecular descriptors. (a) Starting 
from the GRID mapping of enzyme active site the BioGPS algorithm identifies points used for 
generating quadruplets and a Common Reference Framework. (b) In order to compare two cavities 
(active sites), the algorithm searches for similar quadruplets and then overlaps the corresponding 
3D structures (all against all approach). Eventually, a series of probe scores are generated. (Ferrario 
et al. 2014) 
Together with the mapping and MIF calculation phase, BioGPS flappharm algorithm can be 
used for the generation of a MIF-based “pharmacophoric pseudomolecule” whose displayed 
MIFs reflect the three-dimensional position of the specific functional groups of amino acids 
more frequently interacting with the particular probes chosen. The output structure is 
represented in the form of a grid cage and is prone to be superimposed to active sites to 
evaluate how and where it fits with the MIFs of the protein structures. This approach has 
been exploited for the calculation of the catalophor of a given serine-hydrolase sub-family. 
The actual output of the catalophor calculation (MIFs) is completed with the generation of 
the above-mentioned pseudoMIFs, whose interpretation allows to estimate the positioning 
of a generic substrate within the active site cavity. The numerical scoring data obtained 
(score by probe, S-Score and Model score) can be exploited to evaluate the homogeneity of 
the whole dataset and to highlight analogies an differences among active sites in the same 
enzyme sub-family. 
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BioGPS as a tool for the study of serine hydrolases 
BioGPS was exploited to highlight analogies and differences within a selection of enzymes 
belonging to the family of serine hydrolases, namely lipases, esterases, amidases, proteases 
and cutinases, the last one being an enzyme class of particular interest in relation to 
biocatalysed polycondensations, as stated in the reported review. All the enzymes of the 
dataset, with the exception cutinases, were already studied by means of BioGPS by Ferrario 
et al.4. Most of the serine hydrolases share a common catalytic triad Ser/His/Asp (or Glu), 
though hydrolysing different substrates (i.e. lipids, small esters, proteins) based on the sub-
family they belong to. 
 
Dataset composition 
The dataset of serine-hydrolases was composed of 42 structures as used in the previous study 
with the addition of 9 protein structures belonging to the class of cutinases (E.C. 3.1.1.74). 
All the crystal structures were retrieved from the Protein Data Bank (PDB)62. In order to 
work only on protein data and discarding the other components of the structures (like water, 
duplicated protein chains, inhibitors, etc.) the PyMOL63 software was used for pre-
processing, leading to protein structures ready to be analysed by BioGPS60. The composition 
of the whole dataset is determined by 5 different enzyme classes, distinguished by their E.C. 
number: lipases (serine hydrolases defined as triacylglycerol lipase; E.C. 3.1.1.3), esterases 
(other carboxylic ester hydrolases but not triacylglycerol lipase; E.C. 3.1.1), proteases 
(serine endopeptidase; E.C. 3.4.21), amidases (amino peptidase and other hydrolases acting 
on carbon-nitrogen bonds other than peptide bonds; E.C. 3.4.11, E.C. 3.5.1, E.C. 3.5.2) and 
cutinases (acting on the polymeric structure of cutin formed by C16 or C18 hydroxy fatty 
acids; 3.1.1.74). 
 
In Table 8, all the enzymes of the dataset are reported with the respective PDB code of the 
crystalline structure: 
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Enzyme 
class 
PDB code Source Substrate 
Cutinases 
1AGY Fusarium solani cutin, short esters, PET, PBS 
3DCN Glomerella cingulata cutin, triacylglycerol 
3QPD Aspergillus oryzae cutin, long chain esters 
3WYN Thermobifida alba cutin, PET, PBS, PLA 
4CG1 Thermobifida fusca cutin, PET 
4OYY Humicola insolens cutin, PET, PBS, PLA, PBAT 
4PSE Trichoderma reesei cutin, triacylglicerol 
4WFI 
Saccharomonospora virdis short-chain triacylglycerol, 
PET 
Thc_Cut1 
Thermobifida 
cellulosilytica 
PET, PEF, PBAT 
Lipases 
1CRL Candida rugosa triacylglycerol 
1DTE Humicola lanuginosa triacylglycerol 
1ETH Sus scrofa triacylglycerol 
1EX9 Pseudomonas aeruginosa triacylglycerol 
1GPL Cavia porcellus triacylglycerol 
1K8Q Canis lupus familiaris triacylglycerol 
1LPB Homo sapiens triacylglycerol 
1TCA Candida antarctica triacylglycerol 
2FX5 Pseudomonas mendocina triacylglycerol 
2NW6 Burkholderia cepacia triacylglycerol 
2W22 
Geobacillus 
thermocatenulatus 
triacylglycerol 
Esterases 
1AUO Pseudomonas fluorescens broad specificity 
1BS9 Penicillium purpurogenum xylanes acetates 
1C7J Bacillus subtilis p-nitrobenzyl esters 
1CLE Candida cylindracea cholesterol esters 
1JU3 Rhodococcus sp. cocaine 
1QOZ Tricoderma reesei xylanes acetates 
1USW Aspergillus niger feroloyl-polysaccharide 
2ACE Torpedo californica acetylcoline 
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2H7C Homo sapiens 
CoA, palmitate and 
taurocholate 
2WFL Rauvolfia serpentine polyneuridine aldehyde 
3KVN Pseudomonas aeruginosa rhamnolipids 
Proteases 
1GVK Sus scrofa Ala-|-Xaa 
1NPM Mus musclus Lys/Arg-|-Xaa 
1PPB Homo sapiens Arg-|-Gly fibrinogen 
1QFM Sus scrofa Pro-|-Xaa (~30aa) 
1TAW Bos Taurus Lys/Arg-|-Xaa 
1TM1 Bacillus amyloliquefaciens uncharged P1 
1YU6 Bacillus licheniformis uncharged P1 
2XE4 Leshmania major olygopeptides 
3F7O Peacelomyces lilacinus peptides 
Amidases 
1AZW Xantomonas campestris NH-Pro-|-Xaa 
1GM9 Escherichia coli penicillin 
1HL7 Microbacterium sp. γ-lactam 
1M21 
Stenotrophomonas 
maltophilia 
C terminal amide 
1MPL Streptomyces sp. L-Lys-D-Ala-|-D-Ala 
1MU0 
Thermoplasma 
acidophilum 
NH-Pro-|-Xaa 
1QTR Serratia marcescens NH-Pro-|-Xaa 
3A2P Arthrobacter sp. 6-amino exanoate dimer 
3K3W Alcaligens faecalis penicillin 
3K84 Rattus norvegicus fatty acid amide 
3NWO Mycobacterium smegmatis NH-Pro-|-Xaa 
 
Table 8. PDB codes, sources and substrates of the serine-hydrolase dataset. 
Crystalline structures coming from the Protein Data Bank were used after proper pre-
processing and structure alignment (Figure 21) with PyMOL software with the exception of 
Thc_cut1 that has been obtained by homology modelling from 4CG14. Structure alignment 
was performed based on the catalytic triad and oxyanion hole residues to ensure the proper 
spatial orientation of the active sites. 
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Figure 21. Superimposition of active site residues of the enzyme dataset. (Ferrario et al. 2014) 
As stated before, FLAP algorithm was used for the calculation of molecular descriptors. 
FLAP exploits a Common Reference Model to evaluate and quantify the type and energy of 
the interactions established by the system probe-target. 
In the present study, four chemical probes were taken into account for the generation of the 
molecular descriptors64: 
• H probe describing the shape of the cavity surrounding the active site; 
• O probe (carbonyl oxygen) describing H-Bond donor capabilities of the chosen 
cavity 
• N1 probe (amidic nitrogen) describing H-Bond acceptor capabilities of the chosen 
cavity 
• DRY probe (aromatic carbon) describing hydrophobic interactions with the chosen 
cavity 
With the simultaneous generation of MIFs and pseudoMIFs, the said mapped properties were 
considered as density fields centred on each probe-interacting atom. Through an autonomous 
selection of the most representative points of the grid cages, a similarity-based quadruplet 
comparison between enzyme structures was made to project cutinase structures over the 4-
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class serine hydrolase model previously reported4 and a pharmacophoric pseudomolecule 
was generated for each class in order to extract the common physicochemical features of 
specific groups of protein structures. 
 
4.2.1 BioGPS bioinformatics analysis and catalophores calculation 
As previously demonstrated, the BioGPS bioinformatics tool allows to group enzyme 
structures according to the structural features of their active sites. A dataset of enzymes 
belonging to the serine-hydrolase class was previously analysed with this software, enabling 
the individuation of macro-clusters based on the physicochemical properties of the area 
surrounding the catalytic triad of the biocatalyst. The clusterization procedure via UPCA 
analysis showed that the structural properties explained by the BioGPS descriptors are 
correlated with the catalytic functions of each class of serine hydrolase. 
Projecting on the UPCA plot a selection of enzymes belonging to the cutinase sub-family 
showed that the BioGPS analysis recognizes a high level of similarity between the active 
sites of cutinase 1 from Thermobifida cellulosilytica (Thc_cut1) and Candida antarctica 
lipase B (CaLB), which are projected in a region close both to the esterase and lipase group. 
Cutinase 1 is an enzyme of particular interest because has proven to be suitable for 
polycondensation reactions3,6. 
The active sites of CaLB and Thc_cut1 appeared to be similar in terms of hydrophobicity 
and they were positioned among esterases although close to the lipase cluster. Both Thc_cut1 
and CaLB were clearly classified as esterases for their ability to establish H bonds and 
Thc_cut1 falls closer to the lipase group (Figures 22-26). These observations shed new light 
also on the behaviour of CaLB, whose hydrophobic properties of the active site are the main 
feature shared with lipases. 
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Figure 22. UPCA Model (Global score). Serine-hydrolases with cutinase projection. Blu: lipases; 
green: esterases; cyan: proteases; red: amidases; highlighted: cutinases. CaLB (1TCA) and 
Thc_cut1 (Cut1) are located close to each other. 
 
Figure 23. UPCA Model (hydrophobicity probe). Serine-hydrolases with cutinase projection. Blu: 
lipases; green: esterases; cyan: proteases; red: amidases; highlighted: cutinases. 
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Figure 24. UPCA Model (shape probe). Serine-hydrolases with cutinase projection. Blu: lipases; 
green: esterases; cyan: proteases; red: amidases; highlighted: cutinases. 
 
 
Figure 25. UPCA Model (H-bond acceptors probe). Serine-hydrolases with cutinase projection. 
Blu: lipases; green: esterases; cyan: proteases; red: amidases; highlighted: cutinases. 
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Figure 26. UPCA Model (H-bond donors probe). Serine-hydrolases with cutinase projection. Blu: 
lipases; green: esterases; cyan: proteases; red: amidases; highlighted: cutinases. 
 
The analytical approach consists in a visual/statistical analysis that combines considerations 
based on the interpretation of images obtained with PyMOL software with numeric data 
generated by bioinformatics algorithms. 
In particular, utilizing the GRID-based MIFs of BioGPS, the sub-families of serine-
hydrolases composing the above-mentioned dataset, were processed separately to obtain the 
representative “catalophor” of each class that defined as a pharmacophoric pseudomolecule 
comprising a three-dimensional map of the more frequent physical-chemical features 
established by the amino acids of the enzyme active sites for the processed sub-family. 
Exploiting different probes it was possible to evaluate the entity of the interaction between 
the couple probe-functional group on the surface of the biocatalyst. Four different probes 
were employed: H probe takes into account the active site shape, O probe that evaluates H-
bond donor properties, N1 probe that evaluates the H-bond acceptor capabilities and the 
DRY probe accounting for hydrophobic interactions. 
Following the probe-based mapping of the active site, the software calculates a score 
reflecting how frequent and strong such interactions are. Eventually, an S-Score value is 
obtained from the weighted average of the above-mentioned contributions of the singular 
components. The said S-Score represents how much the tridimensional picture of the 
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physicochemical features taken into account in a particular enzyme is similar to the 
algorithm-generated molecular interaction fields of the pharmacophoric pseudomolecule. 
The adopted approach consists firstly in the GRID force field-based mapping of the active 
sites in order to quantify type and energy of the non-bonded interactions that could be 
established in the surrounding space. In the second stance, MIFs and PseudoMIFs are 
calculated using FLAP (Fingerprints for Ligands and Proteins) algorithm. PseudoMIFs are 
defined as a particular type of MIFs where the molecular interaction fields are a 
representation of electron density fields centred on the atoms of the above-mentioned probes 
instead of the atoms of the enzyme and, as stated before, could also be seen as the 
complementary counterpart of MIFs. 
The average of the S-Scores of each subfamily of serine hydrolases is defined as Model 
Score. This value is important to evaluate how homogeneous are the accounted 
physicochemical features within a dataset. 
A graphical representation of the deviation from the average values for each probe is 
provided below (Figure 27). Low values imply that the object enzyme obtained a score 
similar to the average in the model, conversely, higher values show stronger differences with 
the other elements in the same class. It is worth to say that similar values among different 
enzymes do not necessarily mean that the elements have shared features because the 
enzymes could also be equally different - but in different ways - from the generated 
pharmacophoric pseudomolecule (i.e. same distance in the UPCA model, but different 
positions). 
 
The S-Score was calculated for each enzyme in the dataset and represents the weighted 
average of the contribution of the components (H, N1, O and DRY) in determining the entity 
of the superimposition of the MIFs of a particular enzyme with the ones of the 
pharmacophoric pseudomolecule. The catalophor is a spatial representation of MIFs 
generated by the different probes on the basis of the dataset elements. 
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Figure 27. S-scores represented by deviation from the average value, low values mean that the 
structure is well fitted within the dataset. A: lipases; B: esterases; C: proteases; D: amidases, E: 
cutinases; F: lipases + thc_cut1; G: lipases without CaLB; H: model scores, namely the weighted 
average of s-scores 
 
Analysis of model score by components 
The data here reported show that the contribution of the single probes in characterizing a 
serine-hydrolase subfamily slightly differs depending on the classes. In particular, no 
substantial differences were detected with regard to the hydrogen bond capabilities. More 
significative differences arise from the shape of the active site and the hydrophobicity. It is 
noteworthy that the contribution of the shape (H probe) is lower in the case of the cutinases 
compared to lipases (17.8% vs 20.0%, Figures 28-29). The rational basis of this behaviour 
can be found in the more superficial and wide active site of the cutinases, with a consequent 
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catalytic activity displayed towards a wider array of substrates. Furthermore, the algorithm 
shows a high importance of the hydrophobicity probe in the case of cutinases and lipases, 
where this feature contributes by a 28% in determining the Global Score value, showing that 
the hydrophobicity has a similar role for both the classes. 
 
Figure 28. contribution of the various components in the determination of the model score. 
 
Figure 29. relative contribution to 100% of the given class of the various components in the 
determination of the model score. 
In the cases of a low model score (see amidases, Figure 28), the molecular interaction fields 
(MIFs) associated to the more frequent pharmacophoric interactions in a particular dataset 
involve mostly the catalytic triad.; the reason lies on its being positioned in the same spatial 
configuration over the whole dataset. In such cases, the information given by the catalophor 
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lacks significance, in particular in the cases where the active sites are so heterogeneous that 
only the fingerprint of the catalytic triad is shown in the MIFs. 
 
4.2.2 Analysis of the catalophores  
Focusing on the catalophores calculated for each serine hydrolase sub-family (Figures 30-
32), it results that cutinases are the more homogeneous class in the whole dataset used in this 
study. The S-Score value (Figure 27) for the mentioned class is 0.660, higher than the other 
classes. These enzymes are similar in terms of shape and molecular weight and are all able 
to hydrolyse cutin with the exception of structure 4WFI for which an evidence has not been 
proved yet65. Accordingly, this structure shows the lower score within the whole class. 
Another particular case is 4PSE, a cutinase where, atypically, a lid is expressed and 
surfactants are important for its catalytic activity66. 
 
Figure 30. Catalophores obtained with O probe (H-Bond donors): A) lipases, B) estrases, C) 
proteases, D) amidases, E) cutinases. 
 
Figure 31. Catalophores obtained with DRY probe (hydrophobicity): A) lipases, B) estrases, C) 
proteases, D) amidases, E) cutinases. 
 
 
Figure 32. Catalophores obtained with N1 probe (H-Bond acceptors): A) lipases, B) estrases, C) 
proteases, D) amidases, E) cutinases. 
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Cutinase 1 structure (cutinase 1 from Thermobifida cellulosilytica, referred also as 
Thc_cut1) was produced by homology modelling from 4CG1 (cutinase from Thermobifida 
fusca) and shares with it the 99.23% of the sequence, the only differences are the amino 
acids 19 and 137 (Arg and Ser in 4CG1, Ser and Thr in Cut1)6. This sequence homology is 
reflected in the similar score associated with the two enzymes (Figure 27, E). 
 
Cutinases vs esterases 
A comparison between Thc_cut1 and 4OYY (Humicola insolens cutinase, referred also as 
HiC) focused on the score returned by the calculation shows that the two enzymes have a 
low analogy with the catalophor of cutinases, even though belonging to the same class (E.C. 
3.1.1.74). In this respect, a precedent study based on sequence alignment demonstrated that 
the two aforementioned enzymes have only a 9% identity6. The same study, aimed to shed 
light on the nature of cutinases, pointed out that the physicochemical features of the active 
site of the cutinases Thc_cut1 and HiC have some common features shared by both lipases 
and esterases. Cutinases are, in fact, able to hydrolyse synthetic esters and emulsified 
triglycerides. Similarly to lipases and esterases, cutinases can catalyse esterification an 
transesterification reactions in low water activity media. To clarify such behaviour, a direct 
comparison between the catalophor of cutinases and esterases has been carried out and the 
single probe components were studied (Figure 33). 
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Figure 33. Superimposition of the catalophores of cutinases and esterases 
Common MIFs of lipases and cutinases are mostly overlapping and the catalophor of 
cutinases is slightly more populated. A visual comparison with esterases is not very 
informative because of the low model score of esterases just like in the case of amidases; in 
these cases, the catalophor covers only the catalytic triad and on the oxyanion hole because 
of its being conserved among the processed structures. For this reason, the more informative 
catalophor of cutinases can hardly be compared with esterases. 
Cutinases vs lipases 
Because of the similar model score between cutinases and lipases, these two classes can be 
easily compared (Figure 34). The two catalophores are pretty different, the common fields 
centred on catalytic Ser and His are conserved, but the surrounding areas present substantial 
differences. In principle, it can be said that the cutinases share more similarity with esterases 
rather than the lipases. This conclusion is compatible with the higher structural analogy 
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between cutinases and esterases, due to the lack of a lid covering the active site and to the 
hydrophobicity of the natural substrates. 
 
Figure 34. Superimposition of cutinases and lipases catalophores. Purple: cutinases; blue: lipases 
 
Thc_cut1 comparison with CaLB 
A more accurate comparison between CaLB and Thc_cut1 has been carried out to evaluate 
the different and shared features highlighted by the MIFs of the tested chemical probes. The 
picture of the MIFs centred on the active site of the two enzymes allows locating the parts 
of the active site where the physicochemical environment created by the aminoacidic 
residues is conserved or different between the two enzyme structures. As a visual example, 
it is here provided the structure of Cutinase 1 with all its catalophores (Figure 35) which will 
be dissected in shared and conserved parts with CaLB in the next picture (Figure 36). 
 
Figure 35. A comprehensive picture of the catalophores of cutinase in superimposition with 
cutinase 1 structure. Red: H-bond donors; yellow: hydrophobicity; cyan: H-bond acceptors. The 
cavity defining the active site is clearly visible. 
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Figure 36. MIFs of cutinase 1 conserved (blue) and absent (red) in CaLB structure. The 
representation takes into account hydrophobic interactions and H-bond capabilities. The reference 
structure is cutinase 1, surface and catalytic triad are visible. The zones potentially occupied by 
functional groups of the substrate matching the mentioned probe are indicated in yellow and are 
represented by pseudoMIFs. 
 
It is noteworthy that the hydrophobic interactions established in Figure 36 are very similar 
between CaLB and Thc_cut1, in that specific case the shared MIFs (blue grids) are widely 
represented. It can be argued that the great analogy of the catalytic sites in terms of 
hydrophobicity makes Thc_cut1 very similar to CaLB with regards to the nature of the 
accepted substrates and, at the same time, it is able to accept larger substrates because of the 
more superficial active site.  
 
CaLB and Thc_Cut1 comparison with other serine hydrolase subfamilies 
Due to the atypical lipase nature of CaLB (absence of the lid) which bring it near to the 
esterases in the UPCA model (Figure 22), a comparison between its MIFs and the ones of 
other serine hydrolases was carried out (Figure 37-38-40). The same procedure has been 
followed also for Thc_cut1. As stated above, the models of esterases and amidases are of 
hard interpretation and are less informative than the one of lipases because of the less 
populated catalophores. 
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Figure 37. Hydrophobicity catalophor superimposed with CaLB and Thc_Cut1 MIFs. A) lipases 
B) esterases C) proteases D) amidases E) cutinases. 
 
Focusing on the DRY probe, representing the hydrophobic interactions, no substantial 
differences amongst Thc_cut1 and CalB MIFs could be detected comparing them with other 
serine hydrolases subclasses. The superimposition is very good in all the cases. 
Figure 38. H-Bond acceptor catalophor superimposed with CaLB and Thc_Cut1 MIFs. A) lipases 
B) esterases C) proteases D) amidases E) cutinases. 
The analysis of N1 probe, reflecting active site zones with H-bond acceptor capabilities, 
points out some noteworthy differences between the studied enzymes. With regards to the 
catalophores of lipases, esterases and amidases, in the case of CaLB there is no 
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correspondence between its MIFs and the catalophor in some zones very close to the active 
site, this is more evident in the case of lipases (Figure 39). 
However, on esterases and cutinases, the differences with CaLB are detectable in peripheral 
zones that may not be involved nor in the catalytic mechanism neither in the substrate 
binding. The aforementioned behaviour could be an evidence of the fact that CaLB has more 
shared features with esterases and cutinases rather than lipases. 
Thc_cut1 MIFs are obviously highly superimposed with cutinases and there is also a good 
overlapping with esterases and lipases. 
 
Figure 39. CaLB catalytic triad superimposed with H-bond acceptors component of lipase 
catalophores (blue) and CaLB H-bond acceptors MIFs (grey).In highlight the zone in the proximity 
of the active site where there is no correspondence between catalophor and MIFs. 
 
The catalophor with the worst alignment with both enzymes is the one of proteases. This 
observation is confirmed by the UPCA model (Figure 22), where proteases are clearly 
separated from the other serine hydrolases. 
A very similar behaviour to the one reported for H-bond acceptors, is present also in H-bond 
donor capabilities (O probe). An important note is the poor superimposition on certain 
portions near the oxyanion hole of Thc_cut1 on the esterase catalophor. 
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Figure 40. H-Bond donor catalophor superimposed with CaLB and Thc_Cut1 MIFs. A) lipases B) 
esterases C) proteases D) amidases E) cutinases. 
 
Thc_cut1 and TLL comparison with lipases 
The inclusion of Thc_cut1 in the lipase model (Figure 27, F) enables to directly compare 
this particular cutinase in a dataset of lipases in order to see how the outlier enzyme would 
fit on it. Looking at the model score value (0.616) of the above-mentioned model it is clear 
that this operation does not perturbate the value of the original model (0.621). For this reason, 
it can be concluded that Thc_cut1 has a minimum disturbing effect on the model, validating 
the hypothesis that there are shared features between the active site of Thc_cut1 and lipases, 
in particular CaLB. 
Another conclusion that can be driven involves 1DTE and 1TCA, respectively Thermomyces 
(Humicola) lanuginosa lipase (TLL) e Candida antarctica lipase B (CaLB). TLL is a 
classical lipase exposing a lid that in the studied structure is in open conformation, a lid 
structure is not present in CaLB. The fact that the scores of the two enzymes are similar 
means that the TLL active site in open conformation has wide shared features with CaLB. 
This evidence shows the rational basis of the proximity of these enzymes in the UPCA model 
(Figure 22). 
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Figure 41. Active site of TLL with lid-forming amino acids indicated in grey sticks. On the left: 
MIFs of the enzyme. On the right: lipase catalophor. Yellow: hydrophobic interactions; red: H-
bond donors; blue: H-bond acceptors. 
 
By comparing the MIFs of TLL and lipase catalophor (Figure 41) it is clear that the mostly 
hydrophobic interactions given by lid-associated residues (R84 and W89)67 are not 
represented in the catalophor, leading to the conclusion that the presence of a lid in that 
position is not a feature strictly required for classifying an enzyme as a lipase. 
 
Comparison of lipases and esterases 
The lipase dataset has the second high model score (Figure 27, F) right after the cutinases. 
All the lipases have in fact a very similar substrate specificity (see Table 8) because of their 
common activity towards triglycerides, albeit some differences depending on the aliphatic 
chain length. BioGPS software detects extended interactions for each one of the chemical 
probes tested because of a common substrate specificity and it is reflected in the higher 
overlapping of the MIFs of the single enzymes. 
A one to one inspection of the scores obtained (Figure 27, F) reveals the presence of an 
outlier represented by Candida rugosa lipase (1CRL). This behaviour is in line with the data 
obtained from UPCA analysis positioning that enzyme on the cluster of esterases instead of 
lipases, in the proximity of cholesterol-esterase from Candida cylindracea (1CLE). The 
aforementioned enzymes, albeit the different substrate specificity, have only a 40% sequence 
homology4. 
 
Estarases 
In the case of esterases, the homogeneity of the dataset is very low because of the different 
substrate specificity amongst enzymes. Nevertheless, the model score (0.354) is higher than 
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the one of amidases and H-bond acceptor capabilities (N1 probe) are well represented in the 
catalophor. In comparison with the class of amidases, it is noticeable a large presence of the 
components associated with hydrophobic interactions (DRY probe) and with the H-bond 
acceptors (O probe). This last point, directly correlated to the higher model score, shows that 
the physicochemical environment of the active sites of esterases is constant among the tested 
enzymes, notwithstanding their scattered-like disposition in the UPCA model; in fact, a more 
populated catalophor implies an higher analogy between the enzyme structures. 
Another noteworthy point is the low score of the esterase from Pseudomonas aeruginosa 
(3KVN), which is also reflected in the UPCA model where this enzyme is located far away 
from the other esterases (Figure 22). The specific substrates of the above-mentioned enzyme 
are ramnolipids, but this fact does not classify it as a lipase because of its position in the 
UPCA model that is far away from them. 
 
Lipases without CaLB 
Taking into account the atypical, atypical features of CaLB (absence of a lid), a lipase model 
without this enzyme was generated in order to verify if CaLB is a perturbative factor in the 
model (Figure 27, G). Such operation produced in fact a model with a slightly (0.621 vs 
0.634) higher score (i.e. more homogeneity among dataset elements) without influencing the 
relationship among the enzymes. Even though CaLB is missing a lid, it is well fitted within 
the other lipases. The reason is that BioGPS software does not recognize the lid as a critical 
feature when generating the catalophor by giving a marginal influence in the scoring 
procedure at the presence or absence of the lid, in the same way seen for TLL. This fact is 
noteworthy because demonstrates that the algorithm focuses mainly on the catalytic features 
of the enzyme rather than secondary lid-like structures. 
 
Amidases  
The UPCA model clearly showed that amidases share common feature with esterases 
because of the large overlapping of the elements in the plot. The subject of distinguishing 
the particular structural features of amidases and esterases has already been addressed in the 
literature. The active sites of the 11 amidases used for the catalophor calculation show a 
strong heterogeneity driven by the different substrate specificity (Figure 27, H). 
Consequently, the model score (0.219) is the lowest of all the serine hydrolases subfamilies 
studied. Nevertheless, observing at the shape and disposition of the common molecular 
interaction fields shown in the catalophor for the singular probes it is possible to conclude 
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that the interactions where the enzyme residues act as H-bond acceptors towards the 
substrate (i.e. backbone carbonyl groups) show a common scheme that can be found more 
frequently if compared with other types of interactions involving this enzyme subfamily. 
This interaction pattern is visible in the three-dimensional representation of the catalophor 
(Figure 37-38-40). 
 
Proteases 
The protease class occupies its specific position in the UPCA model, separated from the 
other enzyme subfamilies. The dataset here employed is quite heterogeneous and a visual 
inspection of the catalophor highlights the presence of numerous and repeated H-bond 
acceptor interactions (N1 probe, Figure 40). Some of these interactions are likely to be 
established with carbonyl groups of the substrate. 
The two proteases already marked as outliers in the previous UPCA analysis (1QFM and 
2XE4) show the same behaviour here, returning the lowest score and so the highest deviation 
from the average of the dataset (Figure 27, C). The unusual position of these two enzymes 
is well represented in the global PCA model (Figure 22).  
 
 
Lipases vs amidases 
Lipases catalophor has been directly compared with amidases (Figure 42). As it was pointed 
out for cutinases/esterases comparison, the low model score of amidases leads to a 
catalophor where the represented MIFs are mostly positioned over the catalytic triad, being  
a common behaviour for all the elements of the dataset. 
The graphical and score analysis shows that the hydrophobic interactions in lipases play a 
more important role rather than in amidases, and this is to be expected due to the different 
nature of the enzymes. Conversely, hydrogen bond acceptors and donors are more 
represented in amidases. 
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Figure 42. Superimposition of the catalophores of lipases (blue) and amidases(red). 
 
4.2.3 Analysis of a mutant of Thc_cut1: an application of BioGPS to a case study 
In an attempt to enhance the synthetic capabilities of Thc_cut1 in the field of the production 
of aliphatic polyesters, the enzyme was modified in silico aiming to boost the accessibility 
of the active site, to allow longer polymeric chains to enter the active site68. The residue 
mutations were proposed by dr. Ferrario and involve 3 amino acids in the entrance of the 
active site. The chosen strategy was to replace the more hindering residues with other ones 
with lower steric effects, improving at the same time the efficiency of the immobilization of 
the enzyme on epoxydic supports thanks to the replacing of a Lys residue next to the catalytic 
triad that could promote the a wrong orientation of the enzyme in the immobilization phase. 
The mutated residues were Trp156, Leu158, Lys160 that were respectively replaced with 
Gly, Ala and Leu. 
Activity studies reported in the present work show a total loss of activity, and this behaviour 
was inspected by the means of a bioinformatic analysis with BioGPS software.  
An extensive discussion on the adopted approach to model the in silico mutant and to 
produce the actual enzyme is beyond the purposes of this thesis. 
 
The bioinformatic analysis here proposed, pointed out a possible rational basis of the 
complete loss of activity. 
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The comparison between Thc_cut1 wild type and its mutant have been carried out focusing 
in particular on the pseudoMIFs of the DRY probe, related to hydrophobicity. Hydrophobic 
interactions are here way more informative than H-bond capabilities. DRY probe 
pseudoMIFs highlights the zone that a hypothetic hydrophobic substrate could occupy in the 
active site to establish efficient hydrophobic interactions. In the case of the mutant, the 
PseudoMIFs appear to be split in two parts (Figure 43). 
 
Figure 43. Hydrophobicity pseudoMIFs of Thc_cut1 and its mutant. 
 
In the same way previously used with Thc_cut1 vs. CaLB, the MIFs of the enzymes were 
compared, shedding light on shared and different features. By means of this operation, the 
reason for the anomalous disposition of the pseudoMIFs has proven to be the removal of 
Trp156 residue, responsible for conferring some important hydrophobic interactions with 
the substrate (Figure 44). Noteworthy, the influence of the other two mutated amino acids 
were not evaluated because they do not fall in the working cavity due to their relative 
distance from the active site. Other differences that can be noted are artefacts generated by 
the process of minimization and dynamization of the mutated enzyme structure and do not 
need to be taken into account. 
A projection of the mutant on the UPCA model did not lead to significant results, the same 
behaviour was found during the attempt of comparing the scoring of the mutated Thc_cut1 
with other enzyme classes (Fig. 45). In this case, the visual inspection turned out to be the 
most effective way to drive conclusions on the different catalytic activity found for the two 
enzymes. 
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Figure 44. Red: differences between Thc_cut1 and its mutant. Yellow: Hydrophobicity 
pseudoMIFs of Thc_cut1. Trp156 is highlighted. 
 
 
Figure 45. Values obtained with the model comprising esterases, CaLB, TLL, cutinases and 
Thc_cut1 mutant. 
 
4.2.4 Molecular dynamics to understand the effect of temperature and pressure on CaLB 
and Thc_cut1 
Note: see Annex 2 for the full research paper. 
Another step of our investigation was to shed light on the influence of conformational 
changes in determining the dissimilar behaviour of CaLB and Thc_cut1 at different 
temperature and pressure. In fact, our research group demonstrated that the activity of 
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Thc_cut1 is higher at low temperature and environmental pressure, while CaLB requires 
vacuum for achieving maximum yield in polycondensation reactions. For these reasons, 
Thc_cut1 represents a valid alternative to CaLB, allowing the reaction to take place in mild 
conditions, increasing the overall sustainability of the biocatalysed process3. Molecular 
Dynamics simulations were run under different conditions of temperature and pressure for 
10 ns by using the software GROMACS69 version 4 OPLS force field70 definitions and 
explicit water as a solvent. Three simulations were sun for each enzyme according to the 
conditions defined in Table 9: 
Simulation Temperature Pressure 
1 300 K 1000 mbar 
2 343 K 1000 mbar 
3 343 K 70 mbar 
Table 9. Temperature and pressure settings of the MD simulations 
Each one structure was compared on the basis of RMSF calculated on the Cα of the proteins 
(Figure 46). 
 
Figure 46: Thc_cut1RMSF analysis and comparison. The 3 different simulation conditions are 
highlighted in different colours which are indicated together with the simulation conditions in the 
chart legend. 
103 
 
The RMSF analysis pointed out that the protein has similar behaviour under all the 
conditions tested, with an obvious higher average mobility at 343 K because of the higher 
temperature. More interesting differences are noticeable for the terminal part of the peptide 
chain. The overall conformational stability of Thc_cut1 is also confirmed by observing the 
superimposed dynamized structures.  
 
Figure 47. Superimposition of the structures of a) Thc_cut1 and b) CaLB resulting from the 3 MD 
simulations, refer to Table X: green, conditions 1; red, conditions 2; blue, conditions 3. Catalytic 
serines are shown in sphere mode; residues 86-91 close to the active site are marked by a circle. 
Noteworthy there are also some differences not directly highlighted by RMSF analysis and 
mainly related to sidechain movements in the area surrounding the active site (residues 86-
91, Figure 47). At 343 K and 70 mbar (conditions 3 in table 9) the active site appears to be 
less accessible than at environmental pressure as a direct consequence of conformational 
changes involving the said residues, although it is difficult to correlate these observations 
with the negative effect of high temperature and vacuum on the enzyme. No disruptive 
conformational changes were observed in the tested conditions. RMSF analysis carried out 
on Cα of CaLB (Figure 48) showed clear differences in the enzyme mobility, even more 
evident by superimposing the structures (Figure 47). 
a) b) 
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Figure 48. CaLB RMSF analysis. The three MD simulations are represented in different colours 
together with the simulation conditions in the chart legend. 
The protein loops located at the entrance of the active site (residues 138-143 and 187-193) 
change their conformations on passing from environmental conditions to high temperature 
and low pressure, enlarging the active site entrance. Notably, this behaviour was not detected 
in the simulation run at high temperature and atmospheric pressure (343K and 1000 mbar). 
These data are in accordance with what observed with the BioGPS analysis that pointed out 
different H-bond capabilities of CaLB if compared with other lipases. In fact, the effects of 
temperature and pressure appear to be strictly linked to the role of water inside active sites. 
The influence of water molecules inside CaLB active site, a critical aspect in biocatalysed 
polycondensations, has been already discussed by other authors71,72. Future engineering 
strategies of CaLB should follow this direction, while taking into account the positive 
features displayed by Thc_cut1. 
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5. Materials and methods 
Materials 
The solvents were standard laboratory grade. Alcohol, organic acid, and other reagents were 
purchased from either Aldrich Chemical Co. (Milwaukee, Wisconsin, United States) or 
Sigma-Aldrich (St. Louis, MO, USA) and used as received if not otherwise specified. 
Samples of rice husk (Carnaroli type) were kindly donated by Riseria Cusaro (S.r.L.) 
(Binasco, Italy) and derive from Italian rice varieties. The organic composition, previously 
determined [10], is the following: 46.5% cellulose, 31.9% lignin and 22.1% of pentosanes 
(hemicellulose). SiO2 constitutes about 20% of the global weight. The milled RH has a water 
adsorption capacity of 42.6% w/w, determined by weight difference. Lipase B from Candida 
antarctica (CaLB, batch LCN02115 with an activity of 4005 U mL-1 purchased from 
Novozymes (Bagsvaerd, Denmark) and Laccase C was purchased from ASA-Spezialenzyme 
(Wolfenbüttel, Germania) 
Milling of rice husk 
Rice husk was milled using a Rotor mill ZM 200 (Retsch S.r.l., Bergamo, Italy) according 
to a procedure already described.14 The raw material was separated by size using sieves of 
450 and then 200 mm. The wet particles were weighed and then dried in an oven at 120 °C 
for 6 h. The milled RH (size 0.2–0.4 mm) had a density of 0.437 g mL−1. 
SEM Microscopy 
Samples were metallized with the S150A Sputter Coater instrument (Edwards High 
Vacuum, Crawley, West Sussex, UK) before being observed with the Leica Stereoscan 430i 
scanning electron microscope (Leica Cambridge Ltd., Cambridge, UK) integrated with an 
Si detector (Li) PENTAFET PLUS TM, with an ATW TM window (Oxford Instruments, 
Oxfordshire, England) for microanalysis. 
Rice husk moisture determination 
A sample of rice husk was weighed in a tared weighing bottle. After drying for 2 hours in 
the oven at 105 °C followed by cooling in a desiccator in vacuum conditions. The bottle was 
replaced again in the oven for 1 hour. The process was repeated, followed by cooling and 
weighing as above for successive periods until constant weight was reached. Moisture 
content was determined as follows: 
%𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 =  
𝑚𝑤𝑒𝑡 − 𝑚𝑑𝑟𝑦
𝑚𝑤𝑒𝑡
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Oxidation of rice husk with sodium periodate 
A total of 2.0 g of rice husk (particle size 0.2-0.4 mm) previously washed with a mixture of 
H2O:ethanol 50:50 (3 x 3 mL) was placed in a syringe with septum. Then, 50 mL of a 0.20 
M NaIO4 solution was added and the mixture was allowed to react under stirring on the blood 
rotator for 22 h in the dark and at 25 °C. The solid support became dark brown. At the end 
of the reaction, the rice husk was filtered and rinsed with deionized water (3 x 10 mL) until 
neutrality. 
Oxidation of raw rice husk with laccase-mediator system (LMS) 
This protocol is referred to the first carbonyl content evaluation here reported and at the 
covalent immobilization sample obtained with laccase C oxidized, non-AHP rice husk. 500 
mg of washed rice husk were washed and put into a 50 mL flask in 10 mL phosphate buffer 
0.1 M pH 5. Laccase C (20 U/mL or 100 U/mL) or Novozym S1003 (20 U/mL) were added 
to the reaction mixture together with 10 mM TEMPO radical (except for one sample). The 
buffer solution was added to bring the volume at 25 mL and the suspension was stirred for 
48 hours at 50 °C. The product was washed with deionized water 5 x 10 mL. The same 
method was followed with AHP pre-treated samples with a rice husk concentration of 0.2-
1.0 U/mgRH. 
Functionalization of oxidized rice husk with HMDA diamine spacer 
A total of 40 mL of a 0.9 M solution of hexamethylenediamine in methanol was added to 
rice husk samples and the mixture reacted for 72 h at 25 °C by stirring on an orbital stirrer. 
After this time, the rice husk was filtered and washed with methanol (2 x 40 mL). 
Activation of amine functionalized rice husk with glutaraldehyde 
Prior to immobilization, the amine-functionalized rice husk was activated by adding 50 mL 
of a 1.25% (v/v) glutaraldehyde solution in 0.05 M phosphate buffer at pH 8 and the 
suspension was allowed to react for 5 h at 25 °C. At the end of activation, the rice husk was 
filtered and washed with 0.05 M phosphate buffer at pH 8 (2 x 50 mL). 
Candida antarctica lipase B immobilization via diamine linker and glutaraldehyde 
activation 
A solution of Lypozyme CaLB 1350 TBU/mL in phosphate buffer 0.5 M pH 8 was prepared. 
To ensure 10.000 TBU/gRH of enzyme 2.23 mL of this solution were taken and 300 mg of 
rice husk were added together with 0.5 mL of PEG-3000 solution at the concentration of 2 
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mg/mL in phosphate buffer. The suspension was put in orbital stirrer for 48 hours at 
environmental temperature. A sample of the same starting solution was prepared and 
conserved to determine the protein concentration. After the immobilization, the supernatant 
was separated and tested with Bradford assay for protein loading determination. The rice 
husk was then washed with phosphate buffer 6 x 10 mL. 
Alkaline hydrogen peroxide pre-treatment of rice husk (ammonium hydroxide) 
A set of 500 mg samples of 0.2-0.4 mm washed rice husk were prepared in different flasks. 
Hydrogen peroxide and ammonium hydroxide were added accordingly to the proportion 
indicated in the text and the volume was brought to 30 mL with deionized water where 
necessary. The reaction proceeded for 4 hours in orbital stirrer at 50 °C. Moderate foam 
production was noticed and manual mixing was occasionally necessary. The products were 
filtered and washed several times with deionized water until neutrality of the washing 
solution was reached. Consequently, the products were dried for 6 hours at 120 °C. 
Alkaline hydrogen peroxide pre-treatment of rice husk (sodium hydroxide) 
1.0 g of rice husk were put in a 100 mL flask. 33.3 mL deionized water were added with 
16.7 mL of hydrogen peroxide 30% solution. Approximately 11 mL NaOH 5 M were slowly 
added to adjust pH at 11.5, the final concentration of hydrogen peroxide in the reaction 
mixture was calculated to be 8.2%. When pH 10.5 is exceeded, a severe formation of foam 
was noticed and the reaction became highly exothermic. Manual mixing was often necessary 
during the first 15 minutes of the reaction. The flask was moved in orbital stirrer and reacted 
4 hours at 50 °C. A blank reaction was carried out in the same conditions without the addition 
of hydrogen peroxide. The products were filtered and washed several times with deionized 
water until neutrality of the washing solution was reached. Consequently, the products were 
dried for 6 hours at 120 °C. 
Laccase C activity assay with ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic 
acid)) 
 
Figure 49. ABTS oxidation by laccase. 
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ABTS solutions are unstable because of spontaneous oxidation by atmospheric oxygen. The 
solution must be hence used right away from its preparation. 2 mL of ABTS 0.02 M solution 
were prepared dissolving 21.9 mg of reagent in pH 3 citrate buffer 0.05 M. A 0.500 mg/mL 
solution of lyophilized laccase C was prepared in the same citrate buffer and diluted to 0.125 
mg/mL. These concentrations were chosen in order to obtain absorbance values within the 
observable range of the instrument and reaction times in the range of 1-2 minutes. 0.100 mL 
of ABTS solution 0.02 M and 0.900 mL of citrate buffer were added in a UV/vis 
spectrometry cuvette and the sample was used as a reference. Wavelength was set at 420 nm 
and time drive mode was selected. The analytical samples were prepared adding 0.100 mL 
of ABTS solution and 0.850 mL of citrate buffer. Blank value was acquired by registering 
the absorbance value of this sample. 0.050 mL of enzyme solution 0.125 mg/mL were then 
added and the sample solution was quickly mixed before putting it in the instrument. The 
absorbance change caused by ABTS oxidation was monitored for 3 minutes and the 
experiment was repeated 5 times obtaining the best linear interval between 1-2 minutes with 
R2=1. 
 
Figure 50. Time/absorbance chart obtained with laccase C activity assay 
The activity value as U/mL was calculated using the following law: 
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑈 𝑚𝐿⁄ =  
∆𝐴
𝑚𝑖𝑛⁄
36
 ×  
𝑉𝑡𝑜𝑡
𝑉𝑒𝑛𝑧
 
The activity is referred to the starting enzyme solution of 0.125 mg/mL. The activity value 
for the lyophilized enzyme was calculated to be 2176 UABTS/g. 
Lipase hydrolytic activity assay with tributyrin 
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The activity of enzymatic preparations was assayed by following the tributyrin hydrolysis 
and by titrating, with 0.05 M sodium hydroxide (NaOH), the butyric acid that was released 
during the hydrolysis. An emulsion composed of 1.5 mL tributyrin, 5.1 mL gum arabic 
emulsifier (0.6% w/v) and 23.4 mL water was prepared in order to obtain a final molarity of 
tributyrin of 0.17 M. Successively, 2 mL of 0.1 M sodium phosphate buffer (Nap), pH 7.0, 
was added to 30 mL of tributyrin emulsion and the mixture was incubated in a thermostated 
vessel at 30 °C, equipped with a mechanical stirrer. After pH stabilization, 20 mg of the 
immobilized biocatalyst. The consumption of 0.05 M NaOH was monitored for 14 min. One 
unit of activity was defined as the amount of immobilized enzyme required to produce 1 
µmol of butyric acid per min at 30 °C. One tributyrin unit (TBU) of lipase activity was 
defined as the amount of enzyme which produced 1 µmol of butyric acid per minute under 
the given assay conditions. 
Determination of the Leaching of the Enzymes after Covalent Immobilization 
At the end of the test for enzymatic activity, the biocatalyst was removed by filtration and 
the pH of the suspension was monitored for residual enzymatic activity. 
Lipase synthetic activity assay with propyl laurate 
The synthetic activity was evaluated with the esterification of lauric acid to propyl laurate 
using 1-propanol. 6 mmol of lauric acid and 0.450 mL of 1-propanol were put together in a 
glass vial. The solution was kept at a constant temperature of 55 °C and stirred in an orbital 
shaker. At time t=0, 0.1 mL were withdrawn and weighted. 50 mg of biocatalyst were added 
and the mixture was stirred for 15 minutes taking 0.1 mL of solution at regular intervals, 
weighted and diluted with 7 mL of ethanol under continuous stirring. 3 drops of 
phenolphthalein were added. The samples were then titrated with 0.1 M KOH in ethanol 
until colour change. An enzyme unit was defined as the amount of biocatalyst required to 
produce 1 µmol of propyl laurate per min at 55 °C in solvent-less conditions. The acid value 
at a given time was calculated with the following law: 
𝐴𝑉 =  
𝑀𝑀𝐾𝑂𝐻  ×  𝑀𝐾𝑂𝐻  ×  𝑉𝐾𝑂𝐻
𝑚𝑠𝑎𝑚𝑝𝑙𝑒
 
MMKOH is the molecular mass of potassium hydroxide, MKOH is the molarity of the KOH 
solution in ethanol and VKOH is the mL volume of solution used for the titration, msample is 
the mass of the sample at a given time. The percentual formation of propyl laurate was 
calculated with the following law: 
110 
 
%𝑝𝑟𝑜𝑝𝑦𝑙 𝑙𝑎𝑢𝑟𝑎𝑡𝑒 =  100 ×  
𝐴𝑉0 −  𝐴𝑉𝑡
𝐴𝑉0
 
Propyl laurate quantity was calculated as follows: 
µ𝑚𝑜𝑙𝑝𝑟𝑜𝑝𝑦𝑙 𝑙𝑎𝑢𝑟𝑎𝑡𝑒 =  
%𝑝𝑟𝑜𝑝𝑦𝑙 𝑙𝑎𝑢𝑟𝑎𝑡𝑒  × 6000
100
 
The activity value was calculated as follows: 
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
µ𝑚𝑜𝑙𝑝𝑟𝑜𝑝𝑦𝑙 𝑙𝑎𝑢𝑟𝑎𝑡𝑒
𝑚𝑏𝑖𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡  × 𝑡
 
The t value is the time in minutes at which the sample was taken. 
Carbonyl content assay with tributyrin 
The content of carbonyl groups was determined by reaction with hydroxylamine 
chlorhydrate. Carbonyl groups react with the hydroxylamine forming an oxime and the 
hydrochloric acid released was then titrated with sodium hydroxide. 25 mL of a 0.25 M 
solution of hydroxylamine and chlorhydrate, the pH was brought to pH 3.20 ± 0.05 with 
HCl. About 200 mg of rice husk were added to the solution and the suspension was allowed 
to react for 2 hours under stirring. Consequently, the reaction mixture was titrated with 0.1 
M NaOH to bring the pH back to 3.20 by neutralization of the hydrochloric acid formed. At 
the end of the titration, the supernatant was separated by filtration and the rice husk was 
dried for 6 hours in the oven at 120 °C to determine the exact anhydrous weight of the 
analysed sample. To remove any interferences, a blank reaction consisting of non-oxidized 
rice husk was treated with the same method. The content of carbonyl groups was calculated 
using the following formula: 
𝑚𝑚𝑜𝑙𝐶𝑂
𝑔𝑐𝑎𝑟𝑟𝑖𝑒𝑟⁄ =  
𝑉𝑁𝑎𝑂𝐻  ×  𝐶𝑁𝑎𝑂𝐻
𝑚𝑑𝑟𝑦 𝑐𝑎𝑟𝑟𝑖𝑒𝑟
 
Where VNaOH is the volume in mL necessary to adjust the pH of the reaction mixture back 
to 3.20, CNaOH is the concentration of NaOH and mdry carrier is the mass of the dried samples. 
 
Enzyme structures used in the bioinformatics analysis 
All the protein structures used as the dataset for BioGPS model generation were retrieved 
from the Protein Data Bank62 (PDB) and pre-processed by using the software PyMOL. All 
molecules but the proteins were deleted (i.e. water molecules, inhibitors, glycosylation 
residues, etc.). The original protein structure coordinates (from the PDB) were used as 
inputs, without any previous superimposition. The same approach was used for the structure 
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of Humicola insolens cutinase (HiC)73 (PDB code 4OYY) whereas the structure of cutinase 
from Thermobifida cellulosilytica (Thc_cut1) comes from an already published homology 
model6. In the same way of Thc_cut1, his mutant has underwent dynamization, see following 
paragraphs. 
Structure alignment procedure 
PyMOL alignment was carried out on alpha-carbons of the catalytic triad and oxyanion hole 
residues using the function pair_fit. The target residues for lipases, amidases, esterases and 
proteases were retrieved from a previous study of Gardossi and co-workers4. In the case of 
cutinases, the aligned residues are reported in Table 10. 
 
 
Enzyme class PDB code Catalytic triad Oxyanion hole 
S-Scores in 
cutinases 
model 
Cutinases 
1AGY74 H188/S120/D175 S42/Q121 0.711 
3DCN75 H204/S136/D191 S57/Q137 0.346 
3QPD76 H194/S126/D181 S48/Q127 0.792 
3WYN77 H247/S169/D215 M170/Y99 0.899 
4CG178 H208/S130/D176 M131/Y60 0.979 
4OYY73 H173/S105/D160 - 0.370 
4PSE66 H229/S164/D216 T90 0.538 
4WFI65 H254/S176/D222 - 0.328 
Thc_Cut16 H209/S131/D177 Y61/M132 0.975 
 
Table 10. residues used for cutinases structure alignment 
 
In the particular case of the 3DCN (Glomerella cingulata cutinase) structure, the acid-base 
catalyst His 204 was not considered during the alignment procedure because its position in 
the catalytic machinery is very unusual, as reported by Nyon et al. 75. Therefore, including 
this residue in the alignment would have turned out in a misalignment of the whole active 
site due to the perturbative effect of that His residue.  
 
To avoid sub-optimal alignment between pdb structures, the best way for achieving 
productive alignment turned out to be the PyMOL-guided superimposition of structures, 
which was performed considering the critical residues for the catalytic activity, namely the 
like the catalytic triad and the oxyanion hole. Whole-enzyme based alignment was not 
possible due to the heterogeneity of the protein structures.  
The enzyme active sites were analysed by calculating the GRID molecular interaction fields 
in order to provide a detailed description of molecules. GRID probes H, O, N1 and DRY 
(which represent respectively the shape, H-bond donor and acceptor capabilities, 
hydrophobic interactions) were used to investigate the protein structure. 
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BioGPS model 
The BioGPS (Global Positioning System in Biological Space) model was obtained as already 
published21 using BioGPS software version 16.01. BioGPS is based on the “Common 
Reference Framework” composed by two main steps: the characterization of the protein 
active sites and their comparison. The active site of each enzyme was automatically detected 
by the FLAP algorithm60. First the algorithm reduces the complexity of the pseudo-MIFs 
selecting a number of representative points using a weighted energy-based and space-
coverage function. Then it generates all possible combinations of four points; each 
combination is termed “quadruplet”. All possible quadruplets for each mapped active site 
were generated and stored into a biofingerprint (bitstring). Each active site was then 
compared within the Common Reference Framework using an “all against all” approach 
where each enzyme active site is compared with itself and with all the other enzyme active 
sites. At the end, the algorithm generates a set of Tanimoto scores79 represented by square 
matrixes, namely a series of probe scores (one for each original probe) together with a global 
score. The set of Tanimoto scores was used as an input for the UPCA algorithm which 
generated the final BioGPS statistical model by generating the multidimensional space 
(Principal Components – PCs) which differentiated each enzyme active site on the bases of 
their similarities and differences. 
Projection of cutinases 
The two cutinases Hic and Thc_cut1, were projected into the BioGPS model. These two 
enzymes were processed as described in the previous section. Each cutinase was compared 
with itself and with all the other enzymes. Finally the Tanimoto scores79 (see the ESI† for 
details) were used for the projections of the two cutinases into the BioGPS model computed 
for the 41 ser-hydrolases. 
Catalophor calculation 
FLAPpharm, the algorithm used for this purpose, offers the possibility of aligning 
autonomously protein structures before the catalophor calculation, using as a target the 
whole working cavity defined on the enzyme surface that comprises active site and 
surrounding area. This kind of work-flow turned out to be ineffective due to the fact that 
maximum cavity overlapping could not correspond to efficient catalytic residues 
superimposition. For this reason, structure alignment was user-guided according to the 
procedure described above. 
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The preliminary mapping of the working cavity on the surface of the enzymes that defines 
the working-cavity. FLAPsite algorithm – using the GRID force field - was exploited for 
this purpose. After proper structures alignment, the centroid of the cavities were placed in 
the catalytic serine of the protein structure, and two values defining the shape and size of the 
cavities (parameters called extension and thickness) were set to 9 and 9, a value slightly 
higher than the one used in our previous work. The size of the cavities was increased in order 
to achieve a broad mapping of the catalophoric zones. Some other attempts of cavity 
generation with different size and shape were performed, leading to irregularly shaped 
cavities or to accessory lobes that have to be discarded. 
FLAPsite algorithm was executed for each enzyme and the output cavities were saved as 
separate pdb structures consisting of a set of points with specific coordinates. 
After cavity definition, FLAPpharm catalophor calculation was performed for each sub-class 
of hydrolases and for some mixed datasets, always skipping the algorithm-based alignment 
step. 
The output of the algorithm is composed by the pseudoMIFs for each enzyme and by a pdb 
structure containing the catalophor MIFs represented by the common fields between the 
MIFs of the enzymes in the dataset. The outputs - deriving from GRID-based force field 
mapping with the determination of type and energy of interactions - are presented in terms 
of the probes employed: H probe takes into account active site shape; O probe reveals the 
H-bond donor capabilities; N1 probe the H-bond acceptor ones; DRY probe evaluates the 
hydrophobic interactions. 
Together with the pdb files generated by the algorithm and containing the grid cages, a 
scoring file containing values called “S-score” global and split in the probe components 
values are generated. Where necessary, FLAPpharm command-line was used to compare 
pairwise protein structures in terms of similarity and differences of molecular descriptors i.e. 
intersection and difference MIFs. 
All the pdb files obtained were processed in PyMOL using the gridiso plugin. Energy cutoff 
was set to -0.1. 
 
 
Molecular dynamics 
The structure of CaLB (PDB 1TCA), Thc_cut1 (homology  model) and his mutant were 
protonated at pH 7.0 using the PDB2PQR80 server based on the software PROPKA81. 
Subsequently, each  protonated enzyme structure was defined into an OPLS force  field70. 
Each protein was inserted in a cubic box of 216 nm3  and solvated with an explicit solvent 
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(TIP4 water type)82. Thus,  each enzyme system was minimized using the software  
GROMACS69 version 4 using the steepest descendent algorithm  for 10,000 steps. 
Afterwards, each enzyme was simulated under  three different conditions: (1) 300 K and 
1000 mbar; (2) 343 K  and 1000 mbar; and (3) 343 K and 70 mbar. Each MD simulation was 
performed for 10 ns with the software GROMACS  version 4 defining a NVT environment; 
the Particle Mesh  Ewald (PME) algorithm83 was used for the calculation of  electrostatic 
interactions, the v-rescale algorithm84 for temperature  and the Berendsen algorithm84 for 
pressure were also  employed.  The outcome of each MD simulation was analysed by 
calculating  the Root Mean Square Fluctuation (RMSF), which indicates  the average 
movement of the protein residues during  simulation. The calculation was performed on the 
protein Cα  using the g_rmsf tool of the GROMCS 4 package.   
 
 
6. Conclusions 
This study reports an overview on the potential of rice husk as an inexpensive, although 
chemically complex and mechanically resistant biomaterial. Investigations on the 
optimization of the immobilization protocol have been carried out by means of enzymatic 
oxidative routes. The data here reported show that there is the potential for moving towards 
a new paradigm in enzyme immobilization, replaced the petrochemical-based resins 
commonly used for these purposes, reducing the environmental impact of biobased chemical 
industry. Keeping in mind that 10% of the bulk chemical market of today, being about 330 
Mton per year, will be manufactured using immobilized enzymes in the next few decades at 
a cost of 100 US $ per ton, this would mean a turnover of 3.3 billion US $ 
(http://www.unep.org/yearbook/2014/). In addition, in solvent-free systems that can increase 
the environmental sustainability of chemical processes, there is the common issue of mass 
transfer limitations caused by the high viscosity of the reaction medium. In these cases, low 
protein loading on the carrier is an advantage because using a large number of enzymatic 
units concentrated in a small volume would turn into a low process efficiency. This is the 
reason why obtaining stable and covalent biocatalyst formulations with low specific activity 
has to be seen as an advantage because the enzyme is “diluted” on a wider surface enabling 
to overcame mass transfer limitations. In the present study we have demonstrated the 
applicability of functionalized rice husk as a renewable carrier for the covalent 
immobilization of two asparaginases and Candida antarctica lipase B.  Moreover, we have 
115 
 
developed an efficient protocol for the delignification of rice husk, thus obtaining an 
increased hydrophilicity of the material while preserving its robustness. The pre-treatment 
with hydrogen peroxide in alkaline conditions followed by biocatalysed cellulose oxidation 
led to an innovative type of functionalized carrier, characterized by low density and high 
water retention capacity. These properties enabled the enhancement of the activity of the 
immobilized lipase (25-30 % ) in comparison with the raw-rice husk . Notably, the activation 
of rice husk using sodium periodate has been replaced by the oxidation by laccases, laying 
the foundations for the fully renewable synthesis of biobased polyesters. The possibility of 
immobilizing enzymes on large volumes of inexpensive renewable carriers opens new 
perspectives for overcoming the environmental impact of fossil-based carriers, while 
boosting the economic viability of processes nowadays hampered by the high cost of 
immobilized biocatalysts. 
Secondly, a thorough structural study of serine hydrolases was carried out based on 
Unsupervised Pattern Cognition Analysis (UPCA) of GRID-based BioGPS descriptors. 
BioGPS allowed to project a selection of cutinases on a model previously published by this 
research group, confirming that the pre-organized physicochemical environment in the 
active site of Cutinase 1 from Thermobifida cellulosilytica is very similar to the one of 
Candida antarctica Lipase B, while offering increased capabilities in terms of the size of the 
substrate accepted, thanks to a superficial and wide active site. This method was used also 
to calculate the “catalophor” of different serine hydrolase subfamilies enabling to extract the 
structural features that distinguish the various sub-families of serine hydrolases. More 
importantly, this approach allows comparing entire enzyme classes. Notably, the 
hydrophobicity of the active site turned out to be a major factor in classifying an enzyme as 
a lipase or as a cutinase. Our analysis pointed out that cutinases have some shared features 
with both lipases and esterases that justifies their capability of catalysing transesterification 
reactions in low water activity media. The catalophor approach was also conveniently 
exploited for determining that CaLB, notwithstanding the absence of a lid covering the active 
site, shares many features with the other lipases; we also demonstrated that the presence of 
a lid is not a feature represented in the catalophor of lipases, making its presence not 
necessarily required to classify an enzyme as a lipase. Our approach was also used to clarify 
the structural reasons for the lack of activity in a mutant of Thc_cut1. In addition, molecular 
dynamics studies were carried out to investigate the different response of CaLB and 
Thc_cut1 to different pressure and temperature conditions, revealing that a loop in the 
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proximity of the active site responsible of the advantageous features that make Thc_cut1 
able to work in mild temperature and pressure conditions. 
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